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, (i) ,
Pij =| 〈ai, bj |
∑
k
fk | Φk〉⊗ | φk〉 |2=
∑
k
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( ) I][II+ III I+ II][III .
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. . A B
am, | φm〉, (m = 0,±1,±2,±3, · · · ) bn, | Φn〉, (n = 0,±1,±2,±3, · · · ) .
. | ψm〉⊗ | Φn〉 | m,n〉 .
U .
U | m,n〉 =| m,n+m〉 (2.7)
〈m′, n′ | U | m,n〉 = δm′,mδn′,m+n (2.8)
〈m′, n′ | U† | m,n〉 = δm,m′δn,m′+n′ (2.9)
(2.8), (2.9)
〈a, c | UU† | b, d〉 =
∑
λ,µ
δa,λδc,λ+µδb,λδd,λ+µ = δa,bδc,d
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〈a, c | U†U | b, d〉 =
∑
λ,µ
δλ,aδµ,a+cδλ,bδµ,b+d = δa,bδc,d
U . U
| ψ〉 =
∞∑
m=−∞
cm | m〉
| 0〉 .
U(
∞∑
m=−∞
cm | m〉) | 0〉 =
∞∑
m=−∞
cm | m,m〉 (2.10)
(2.5) .
, (2.5) U = exp[− i~ tH] H
. (2.5) von Neumann
(premeasurement) (objectification)
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,
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von Neumann , .
, ,
. ,
von Neumann .
, von Neumann
, . , Busch
, .
von Neumann ,
, . Hilbert
. , R ,
Rf = λf λ Γλ ,
15
Γ Hilbert , Γc . λ
R . ∆ . φ , R
〈R〉 (φ,Rφ) , R ψ ,
λ∗ , ΠΓλ∗ Γλ∗
P (λ∗) = (ψ,ΠΓλ∗ψ) (2.11)
. R , ∆ ,
P =
∑
λ∗∈∆
(ψ,ΠΓλ∗ψ) = (ψ,ΠΓψ) (2.12)
. R , Rφ = λ∗φ ,
λ∗ ∆ . , , (ψ,ΠΓψ) . Γc
, ψ ∈ Γc , 0 . ,
.
,
. −∞ < λ < ∞ In, n =
· · · ,−2,−1, 0, 1, 2, · · · , In = (λ(n), λ(n+1)]
⋃
n In . .
λ′n In F .
F (λ) = λ′n, (λ ∈ In) (2.13)
, R F (R) , F (R) λ′n
[1]. . R In
(ψ,ΠΓλ′nψ) . ΠΓλ′n , Dirac
,
∫
In
| λ〉〈λ | dλ . .
, . Schro¨dinger ,
I II q,Q . φ(q),Φ(Q) .
,
.
Hint = −i~q ∂
∂Q
(2.14)
[1]. I+II Ψ = Ψ(q,Q, t) Schro¨dinger
∂Ψ
∂t
+ q
∂Ψ
∂Q
= 0 (2.15)
f , Ψ(q,Q, t) = f(q,Q− tq) . Ψ(q,Q, 0) = f(q,Q) = φ(q)Φ(Q) ,
t = τ > 0 ,
Ψ(q,Q, τ) = φ(q)Φ(Q− τq) (2.16)
. q . , Φ(Q) ,
χ[−²,²](Q) , q Iq0,δ = (q0 − δ < q < q0 + δ], Q I ′Q0,δ′ = (Q0 − δ′, Q0 + δ′]
, (2.16) ,
PI,I′ =
∫
I
∫
I′
| φ(q) |2| χ[−²,²](Q− τq) |2 dqdQ (2.17)
16
. τ = 1 . , I, I ′ q0, Q0
| q0 −Q0 |> δ + δ′ + ² 0 , δ′ ≥ δ + ² , q0 = Q0 ,
PI,I′ =
∫
I
| φ(q) |2 dq (2.18)
, Q q .
, I ′ , Q0 (2.13) λ′n
F (Q) , Q0 , Q0 .
. ,
,
Kuhlmann [38]. ,
,
. Kuhlmann .
Heisenberg , ,
,
[39]. ,
.
, ,
. Heisenberg
, Compton .
. Compton λc , .
2λc . ∆E λ0
. E = h cλ ∆E =
ch
λ2∆λ , ∆λ = 2λc ,
∆E =
2ch
λ20
λc (2.19)
. ∆x , , 1
λ0 ∼ ∆x . 1
. , ∆x , ,
.
, ,
−E (E > 0) 0 . ∆x
. Heisenberg .
, , ,
.
Kuhlmann von Neumann ,
, . ,
I , V0, 2b | φ〉 ,
II Gauss | Φ〉 .
U = exp (− i
~
κτq ⊗ P ) (2.20)
von Neumann . κ, τ, q, P , , ,
. U(| φ〉⊗ | Φ〉) =| Ψf 〉 . I, II ,
17
〈q | φ〉 = φ(q), 〈Q | Φ〉 = Φ(Q) , ,
Ψf (q,Q) = φ(q)Φ(Q− κτq) (2.21)
. I , | q |≤ b
φ(q) = A cos(
√
(2m/~2)(V0− | E |)q) (2.22)
| q |> b
φ(q) = B exp(−
√
(2m/~2) | E |q) (2.23)
A,B,m,− | E | , . II
N ,
Φ(Q) = N exp(− Q
2
2σ2
) (2.24)
. Ψf , I
HI =
p2
2m
+ V (q) (2.25)
E′ = 〈Ψf | HI ⊗ III | Ψf 〉 (2.26)
. , I
, II I
. , I . II
I .
E′ =
~2
2m
∫
R
dq
∫
R
dQ | ∂
∂q
(φ(q)Φ(Q− κτq)) |2 +
∫
R
dq
∫
R
dQ | φ(q)Φ(Q− κτq)) |2 V (q) (2.27)
.
E′ = − | E | + ~
2
2m
× 1
2
(
κτ
σ
)2 (2.28)
. Kuhlmann (2.28)
. Heisenberg Heisenberg , ,
, ,
. Q X
ΠX = II ⊗
∫
X
dQ | Q〉〈Q | (2.29)
, (2.21) Ψf (q,Q) = φ(q)Φ(Q−κτq) ΠXΨf/ ‖ ΠXΨf ‖
HI . Kuhlmann .
, , (2.28) Heisenberg ,
. , HI +HII +Hint
, .
τ
, κ . κτ/σ
, κτ (2.21) , I II
, , II ,
18
. , ([HI , q] 6= 0)
. . , ,
, ,
. , ,
1/
√
(2m/~2) | E | κτ σ
.
, , .
Heisenberg ,
. . ,
.
1/
√
(2m/~2) | E | × κτ > σ (2.28) ∆E
∆E >
| E |
2
(2.30)
, | E | . ,
, , ,
,
,
.
Kuhlmann , .
, I
. , ,
. ,
, . Kuhlmann
. , , X [3b, 4b], | E |= 10[eV], σ = b
. X . E′ κτ
, −10[eV] , κτ = 0.025 0 , ,
0 , . 10000[eV] . ,
1/
√
(2m/~2) | E | × κτ > σ ,
. Heisenberg 3 . ,
, I+II
, , III .
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, 2
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2.3.2 : Araki Yanase ,
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2.3.4 : Araki-Yanase
.
2.3.1
, [13].
(i) .
(i’) M µ, | µ, ρ〉 ρ ,
M , | ψ〉 M
, µ Pµ
Pµ =
∑
ρ
| 〈µ, ρ | ψ〉 |2 (2.31)
. .
(ii’) , .
, , ,
. , 2
. (ii) , . , (ii) µ
| µ〉 . , µ ,
, (ii’) .
M , (ii’) . , M
µ Ωµ .
, , | ψ〉 Ωµ
, [40]. .
| Ψ〉 =∑µ,ν cµ,ν | µ, ν〉 , µ′ Πµ′ =∑γ | µ′, γ〉〈µ′, γ |
, Πµ′ | Ψ〉 ∑
γ
| µ′, γ〉〈µ′, γ | (
∑
µ,ν
cµ,ν | µ, ν〉) =
∑
γ
cµ′,γ | µ′, γ〉 (2.32)
, .
, , ,
. .
µ µ ,
| φµ,ρ〉, | Φµ,ρ′〉 . ,
. , | ξ〉 ,
| φµ,ρ〉⊗ | ξ〉 →| φµρ〉⊗ | Φµ,ρ′(µ)〉 (2.33)
20
. ρ′(µ) ρ′ µ . | ψ〉 =∑µ,ρ cµ,ρ | φµ,ρ〉
, , Ψf ,
Ψf =
∑
µ,ρ
cµ,ρ | φµ,ρ〉⊗ | Φµ,ρ′(µ)〉 (2.34)
. , µ′ ,
.
Πµ′ = II ⊗
∑
τ
| Φµ′,τ 〉〈Φµ′,τ | (2.35)
,
Πµ′Ψf =
∑
ρ
cµ′,ρ | φµ′,ρ〉⊗ | Φµ′,ρ′(µ′)〉 (2.36)
. , (2.32)
, . , µ′
. (2.31) (2.34) Ψf . , µ′
| φµ,ρ〉⊗ | Φµ′,γ〉 , (2.31) , Pµ′∑
α,β,γ
|
∑
µ,ρ
cµ,ρ〈φα,β | φµ,ρ〉〈Φµ′,γ | Φµ,ρ′(µ)〉 |2=
∑
β
| cµ′,β |2 (2.37)
, . .
, ,
,
.
2.3.2 Araki Yanase
, . Araki
Yanase [10] . Araki Yanase ,
, Araki-Yanase .
, . ,
| φµ,α〉⊗ | ξ〉 t , U(t) ,
U(t)(| φµ,α〉⊗ | ξ〉) =
∑
β
| φµ,β〉⊗ | Φµ,α,β〉 (2.38)
, | Φµ,α,β〉 , µ 6= µ′
〈Φµ,α,β | Φµ′,α′,β′〉 = 0 (2.39)
. Araki-Yanase .
(2.38) (2.34) , .
, .
, (2.38) , . ,
21
‖| φµ,α〉 ‖=‖| ξ〉 ‖= 1 , 〈φµ,α | φµ,β〉〈ξ | ξ〉 = δα,β , ,
∑
β | φµ,β〉⊗ | Φµ,α,β〉
|∑β φµ,β ,Φµ,α,β〉 .
〈
∑
γ
φµ,γ ,Φµ,α,γ |
∑
γ′
φµ,γ′ ,Φµ,β,γ′〉 =
∑
γ
〈Φµ,α,γ | Φµ,β,γ〉 = δα,β (2.40)
. , | ψ〉 =∑µ,ν cµ,ν | φµ,ν〉, (〈ψ | ψ〉 = 1) . t
Ψ(t)
Ψ(t) = U(t)(
∑
µ,α
cµ,α | φµ,α〉⊗ | ξ〉) =
∑
µ,α,β
cµ,α | φµ,β〉⊗ | Φµ,α,β〉 (2.41)
∑
α cµ,α | Φµ,α,β〉 | Ψµ,β〉 ,
Ψ(t) =
∑
µ,β
| φµ,β〉⊗ | Ψµ,β〉 (2.42)
. , µ′
∑
ν | cµ′,ν |2 ,
. ‖ Ψ(t) ‖= 1 , ‖| φµ,α〉 ‖= 1 , (2.42)
, Ψ(t) , µ′ Pµ′
Pµ′ =
∑
β
‖| Ψµ′,β〉 ‖2 (2.43)
. (2.40) , Pµ′ =
∑
ν | cµ′,ν |2 .
(µ′ 6= µ′′) 〈Ψµ′,β | Ψµ′′,γ〉 = 0 , (2.39) .
µ′ , (2.42) . ,
, | φµ′,ν〉 .
, Araki Yanase ,
. , .
.
2 .
2.3.3 2
, [41],
[42]. 2 . ,
, ,
, . , von Neumann
. , .
, .
2 .
. 2
.
, , 2 ,
. 2 , | φµ〉⊗ | ξ〉 →| φµ〉⊗ | Φµ〉
22
.
| φµ〉⊗ | ξ〉 →
∑
ν
| ϕµν 〉⊗ | Φν〉 (2.44)
| ϕµν 〉 . ,
, ∑
ν
〈ϕµν | ϕµ
′
ν 〉 = δµ,µ′ (2.45)
. ,
(
∑
µ
cµ | φµ〉)⊗ | ξ〉 →
∑
µ
cµ(
∑
ν
| ϕµν 〉⊗ | Φν〉) =
∑
ν
| ων〉⊗ | Φν〉 (2.46)
| ων〉 =
∑
µ cµ | ϕµν 〉 . | ων〉 (2.45)∑
ν
〈ων | ων〉 =
∑
µ
| cµ |2= 1 (2.47)
, ν .
, (2.46) | Φν〉
, , ν′ | ων′〉
. , .
, . , | Φν〉
, 2
.
, .
, cµ .
(2.46) . | ων〉 =
∑
µ cµ | ϕµν 〉 ,
µ = f(ν) | ων〉 = cf(ν) | ϕf(ν)ν 〉 . (2.44) µ = f(ν)
µ
| φµ〉⊗ | ξ〉 →
∑
λ∈{f−1(µ)}
| ϕµλ〉⊗ | Φλ〉 (2.48)
. ,∑
µ
cµ | φµ〉⊗ | ξ〉 →
∑
µ
cµ
∑
λ∈{f−1(µ)}
| ϕµλ〉⊗ | Φλ〉 (2.49)
. | ωµλ〉 = cµ | ϕµλ〉 ,
∑
µ,λ∈{f−1(µ)} | ωµλ〉 | Φλ〉 ,∑
λ∈{f−1(µ)}
〈ωµλ | ωµλ〉 =| cµ |2 (2.50)
. {f−1(µ)} ,
| cµ |2 . . ,
λ µ , λ = f−1(µ) | cµ |2 .
, (2.45)
∑
λ∈{f−1(µ)}〈ϕµλ | ϕµλ〉 = 1 ,
| φµ′〉 〈φµ′ | ϕµλ〉 = V µµ′,λ , ∑
µ′,λ∈{f−1(µ)}
| V µµ′,λ |2= 1 (2.51)
23
. , | ϕµλ〉 | φµ′〉 , | ϕµλ〉 =
∑
µ′ Rλ,µ′ | φµ′〉∑
µ′′ Rλµ′′R
∗
λ′µ′′ = δλ,λ′ .
, .
, , 0 , 2
. , M µ λ ,
, | ϕµλ〉 , M .
, , M
, , M ,
. , .
2 . 2
, .
[42].
. Pauli
[41], ,
.
, ,
. Ghirardi [43].
,
.
. , 1
.
, Ozawa WAY ,
. .
,
. , 4 [44].
2.3.4 Araki-Yanase
.
. Araki-Yanase (2.38) ,
| φµ,α〉 | ϕµ,α〉
. ,
U(t)(| φµ,α〉⊗ | ξ〉) =
∑
β
| ϕµ,β〉⊗ | Φµ,α,β〉 (2.52)
, | ϕµ,α〉 .
〈ϕµ,α | ϕµ′,β〉 = δµ,µ′δα,β . , 〈ϕµ,α | ϕµ,β〉 = δα,β
.
| Φµ,α,β〉 , µ 6= µ′ 〈Φµ,α,β | Φµ′,α′,β′〉 = 0
. ,
∑
β | ϕµ,β〉⊗ | Φµ,α,β〉 |
∑
β ϕµ,β ,Φµ,α,β〉 ,
4 , Messiah ,
, .
24
| φµ,α〉⊗ | ξ〉 →
∑
β | ϕµ,β〉⊗ | Φµ,α,β〉 , ‖| φµ,α〉 ‖=‖| ξ〉 ‖= 1 ,
〈φµ,α | φµ,β〉〈ξ | ξ〉 = δα,β ,
〈
∑
γ
ϕµ,γ ,Φµ,α,γ |
∑
γ′
ϕµ,γ′ ,Φµ,β,γ′〉 =
∑
γ,γ′
〈ϕµ,γ | ϕµ,γ′〉〈Φµ,α,γ | Φµ,β,γ′〉 = δα,β (2.53)
. 〈ϕµ,γ | ϕµ,γ′〉 = δγ,γ′ .∑
γ〈Φµ,α,γ | Φµ,β,γ〉 = δα,β , (2.53) .
| ψ〉 =
∑
µ,α
cµ,α | φµ,α〉
. ∑
µ,α
cµ,α | φµ,α〉⊗ | ξ〉 →
∑
µ,α,β
cµ,α | ϕµ,β〉⊗ | Φµ,α,β〉
, µ = 1, 2, 3 . . . , .∑
β
| ϕ1,β〉⊗ | Ψ1,β〉+
∑
β
| ϕ2,β〉⊗ | Ψ2,β〉+
∑
β
| ϕ3,β〉⊗ | Ψ3,β〉+ · · ·
| Ψµ,β〉 =
∑
α
cµ,α | Φµ,α,β〉
. µ′ Pµ′
Pµ′ = ‖
∑
β
| ϕµ′,β〉⊗ | Ψµ′,β〉 ‖2
. 〈ϕµ′,γ | ϕµ′,γ′〉 = δγ,γ′ . ,
∑
γ〈Φµ′,α,γ | Φµ′,β,γ〉 = δα,β
,
Pµ′ =
∑
α
| cµ′,α |2
, Pµ′ | ψ〉 µ′ ,
, .
µ, µ′ , 〈φµ,α | φµ′,β〉 = 0 ,
〈
∑
γ
ϕµ,γ ,Φµ,α,γ |
∑
γ′
ϕµ′,γ′ ,Φµ′,β,γ′〉 =
∑
γ,γ′
〈ϕµ,γ | ϕµ′,γ′〉〈Φµ,α,γ | Φµ′,β,γ′〉 = 0 (2.54)
, 〈Φµ,α,β | Φµ′,α′,β′〉 = 0 , 〈ϕµ,γ | ϕµ′,γ′〉 . µ, µ′
, 〈ϕµ,γ | ϕµ′,γ′〉 6= 0 .
, .
{ϕµ,α} = Vµ, {ϕµ′,β} = Vµ′ , Vµ∩Vµ′ 6= 0 . Araki-Yanase
.
.
25
3 ,
Wigner-Araki-Yanase
1. Araki-Yanase
2. Araki-Yanase 2
3. Yanase ,
4. Yanase
5. , Matsumoto
Wigner Araki Yanase , Araki-Yanase
[10]. , ,
.
. ,
Araki-Yanase 2 ,
Yanase [11], Ghirardi Matsumoto
[45]∼[47] . , Araki-Yanase
, Yanase , 2
, , . Araki-Yanase Yanase
, ,
.
3.1 Araki-Yanase
2 , 2.3.2 , I M ,M
, | φµ,α〉 . M | φµ,ρ〉 = µ | φµ,ρ〉
〈φµ,ρ | φµ′,ρ′〉 = δµ,µ′δρ,ρ′ . Araki-Yanase , | φµ,α〉⊗ | ξ〉
t , U(t) ,
U(t)(| φµ,α〉⊗ | ξ〉) =
∑
β
| φµ,β〉⊗ | Φµ,α,β〉 (3.1)
, | Φµ,α,β〉 , µ 6= µ′
〈Φµ,α,β | Φµ′,α′,β′〉 = 0 (3.2)
26
. .
L = LI ⊗ III + II ⊗ LII (3.3)
, U(t)
[U(t), L] = 0 (3.4)
. L = LI ⊗ III + II ⊗ LII ,
LI , LII , .
, LI , LII . [U(t), L] = 0 , ,
. , (3.4)
L(t) ≡ LI(t)⊗ III + II ⊗ LII(t) | Ψ〉 =| Ψ(0)〉
〈Ψ(0) | L(0) | Ψ(0)〉 = 〈Ψ(t) | L(t) | Ψ(t)〉 (3.5)
L(0) = U(t)†L(t)U(t) (3.6)
. Araki-Yanase
. , , .
Araki-Yanase .
LI , LII (3.3) , [LI ,M ] = 0
(3.1), (3.2) M .
Araki-Yanase (3.1), (3.2) [U(t), L] = 0 , [LI ,M ] = 0 .
. , , [LI ,M ] 6= 0 , (3.1), (3.2)
[U(t), L] = 0 , (3.1), (3.2)
. , (3.1), (3.2) (3.6) , [LI(0),M ] = 0
. , ⊗ . (3.1) (3.6) ,
| φµ,ρ〉, | φµ′,ρ′〉 ,
〈φµ′,ρ′ | 〈ξ | L(0) | ξ〉 | φµ,ρ〉 = 〈φµ′,ρ′ | 〈ξ | L(0)U†(t)U(t) | ξ〉 | φµ,ρ〉
= 〈φµ′,ρ′ | 〈ξ | U†(t)L(t)U(t) | ξ〉 | φµ,ρ〉
=
∑
ρ′′′,ρ′′
〈φµ′,ρ′′′ | 〈Φµ′,ρ′,ρ′′′ | L(t) | Φµ,ρ,ρ′′〉 | φµ,ρ′′〉
, L ,
〈φµ′,ρ′ | LI(0) | φµ,ρ〉〈ξ | ξ〉+ 〈φµ′,ρ′ | φµ,ρ〉〈ξ | LII(0) | ξ〉
=
∑
ρ′′′,ρ′′
[〈φµ′,ρ′′′ | LI(t) | φµ,ρ′′〉〈Φµ′,ρ′,ρ′′′ | Φµ,ρ,ρ′′〉+ 〈φµ′,ρ′′′ | φµ,ρ′′〉〈Φµ′,ρ′,ρ′′′ | LII(t) | Φµ,ρ,ρ′′〉]
(3.7)
. µ 6= µ′ . 〈φµ,ρ | φµ′,ρ′〉 = δµ,µ′δρ,ρ′
〈Φµ,α,β | Φµ′,α′,β′〉 = 0 ,
〈φµ′,ρ′ | LI(0) | φµ,ρ〉 = δµ,µ′〈φµ′,ρ′ | LI(0) | φµ,ρ〉 (3.8)
27
. M M =
∑
µ µΠµ , Πµ ,
Πµ | φµ′,ρ′〉 = δµ,µ′ | φµ′,ρ′〉 . Πµ 〈φµ′,ρ′ | Πµ = δµ,µ′〈φµ′,ρ′ |,
(3.8) , 2 .
〈φµ′,ρ′ | ΠµLI(0) | φµ′′,ρ′′〉 = δµ,µ′δµ′,µ′′〈φµ′,ρ′ | LI(0) | φµ′′,ρ′′〉 (3.9)
〈φµ′,ρ′ | LI(0)Πµ | φµ′′,ρ′′〉 = δµ,µ′′δµ′,µ′′〈φµ′,ρ′ | LI(0) | φµ′′,ρ′′〉 (3.10)
| φµ,ρ〉 , ΠµLI(0) = LI(0)Πµ . , MLI(0) = MLI(0) . ,
L(t) , , ,
τ ∈ R . ,
∀τ ∈ R, [M,LI(τ)] = 0 (3.11)
. ,
∃τ ∈ R, [M,LI(τ)] 6= 0 =⇒ (3.1), (3.2)
. Araki-Yanase , ∀τ ∈ R, LI(τ) = LI . ,
, LI , LII , , (3.7)
. LI , LII
, Araki-Yanase , [10].
. σ ∈ R V (t, σ)
.
V (t, σ) ≡ exp[i(LI(t)⊗ III + II ⊗ LII(t))σ] (3.12)
, .
V (t, σ) = exp[iLI(t)σ]⊗ exp[iLII(t)σ] ≡ VI(t, σ)⊗ VII(t, σ) (3.13)
(3.6) ,
exp[iL(0)σ] = exp[iU†(t)L(t)U(t)σ] = U†(t) · exp[iL(t)σ] · U(t) (3.14)
V (0, σ) = U†(t)V (t, σ)U(t) (3.15)
,
〈φµ′,ρ′ | 〈ξ | V (0, σ) | ξ〉 | φµ,ρ〉 = 〈φµ′,ρ′ | 〈ξ | U†(t)V (t, σ)U(t) | ξ〉 | φµ,ρ〉
=
∑
ρ′′′,ρ′′
〈φµ′,ρ′′′ | 〈Φµ′,ρ′,ρ′′′ | V (t, σ) | Φµ,ρ,ρ′′〉 | φµ,ρ′′〉
, 〈φµ,ρ | φµ′,ρ′〉 = δµ,µ′δρ,ρ′ µ 6= µ′ ,
〈φµ′,ρ′ | 〈ξ | VII(0, σ) | ξ〉 | φµ,ρ〉 = 0 (3.16)
∑
ρ′′′,ρ′′
〈φµ′,ρ′′′ | 〈Φµ′,ρ′,ρ′′′ | VII(t, σ) | Φµ,ρ,ρ′′〉 | φµ,ρ′′〉 = 0 (3.17)
28
. F (t, σ) .
F (t, σ) ≡ 1
iσ
[VI(t, σ)− 1]⊗ VII(t, σ) (3.18)
,
〈φµ′,ρ′ | 〈ξ | F (0, σ) | ξ〉 | φµ,ρ〉 =
∑
ρ′′′,ρ′′
〈φµ′,ρ′′′ | 〈Φµ′,ρ′,ρ′′′ | F (t, σ) | Φµ,ρ,ρ′′〉 | φµ,ρ′′〉 (3.19)
. σ → 0 , F (0, σ)→ LI(0), F (t, σ)→ LI(t) ,
〈φµ′,ρ′ | 〈ξ | LI(0) | ξ〉 | φµ,ρ〉 =
∑
ρ′′′,ρ′′
〈φµ′,ρ′′′ | 〈Φµ′,ρ′,ρ′′′ | LI(t) | Φµ,ρ,ρ′′〉 | φµ,ρ′′〉 (3.20)
, µ 6= µ′ , (3.2) 0 . ,
〈φµ′,ρ′ | LI(0) | φµ,ρ〉 = 0, (µ 6= µ′) (3.21)
(3.8) . LI(0) .
, Busch , (3.1), (3.2)
. , ,
. , (3.8) , , ∀t, [LI(t),M ] = 0 .
LII(t) . Araki-Yanase ,
M , .
M .
M =
∫ ∞
−∞
µdΠµ (3.22)
M , µ′ , Πµ′ .
,
Πµ′ =
∫ µ′
−∞
dΠµ (3.23)
, M µ′′ , µ′′ ≤ µ′ Πµ′ 1,
µ′′ > µ′ Πµ′ 0 . Πµ′
, µ′ , Πµ′ [LI ,Πµ′ ] = 0 .
[LI ,M ] = 0 . M
. , M ,
LI(t) L(t) ≡ LI(t)⊗ III + II ⊗LII(t) , [LI(τ),M ] 6= 0
τ .
,
Wigner-Araki-Yanase WAY .
1 Araki-Yanase
. ,
, Araki-Yanase ,
. (3.1) (2.52) .
. (3.7) .
〈φµ′,ρ′ | LI(0) | φµ,ρ〉〈ξ | ξ〉+ 〈φµ′,ρ′ | φµ,ρ〉〈ξ | LII(0) | ξ〉
29
=
∑
ρ′′′,ρ′′
[〈ϕµ′,ρ′′′ | LI(t) | ϕµ,ρ′′〉〈Φµ′,ρ′,ρ′′′ | Φµ,ρ,ρ′′〉+ 〈ϕµ′,ρ′′′ | ϕµ,ρ′′〉〈Φµ′,ρ′,ρ′′′ | LII(t) | Φµ,ρ,ρ′′〉]
(3.24)
(3.8) , µ 6= µ′ 〈ϕµ′,ρ′′′ | ϕµ,ρ′′〉 = 0 .
. µ = µ′
〈ϕµ,ρ′′′ | ϕµ,ρ′′〉 = δρ′,ρ′′ , µ 6= µ′ 〈ϕµ′,ρ′′′ | ϕµ,ρ′′〉
. Araki-Yanase ,
, 〈ϕµ′,α | ϕµ,β〉 = δµ,µ′δα,β ,
.1
, (2.52) . Araki-Yanase ,
(2.52) , | ϕµ,α〉, . . . , µ
| ϕµ′,β〉, . . .
. Vµ, · · · , Vµ ∩ Vµ′ = 0, (µ 6= µ′) ,
, von Neumann µ
,
. , Araki-Yanase , ,
,
.
, 〈ϕµ′,ρ′′′ | ϕµ,ρ′′〉 6= 0 ,
,
. ,
. Yanase
, ,
(3.3 ).
, ,
. ,
,
,
.
, 1
Ozawa ( ) .
(2.38) .
3.2 Araki-Yanase 2
, ,
. ,
, , .
, 2 ,
1 Healey [48].
30
. , .
Araki-Yanase 2 , , ,
, ,
.
, , .
, ,
, .
. .
. .
2
L , LI ,
.
| φµ,ρ〉 | ξ〉 →| φµ,ρ〉 | Φµ,ρ〉+ | ψ〉 | ηµ,ρ〉 (3.25)
| φµ,ρ〉 M . I II HI ,HII .
H = HI ⊗HII . | ξ〉, | Φµ,ρ〉, | ηµ,ρ〉 ∈ HII , | ψ〉 ∈ HI . (3.26)∼(3.30)
.
〈Φµ,ρ | Φµ′,ρ′〉 = 0, (µ 6= µ′) (3.26)
µ, ρ, µ′, ρ′ ,
〈Φµ,ρ | ηµ′,ρ′〉 = 0 (3.27)
ε ,
‖| ψ〉 | ηµ,ρ〉 ‖2< ε (3.28)
〈ηµ,ρ | ηµ′,ρ′〉 = 0, (µ, ρ) 6= (µ′, ρ′) (3.29)
| ψ〉
〈ψ | ψ〉 = 1, LI | ψ〉 = 0 (3.30)
. , | ψ〉 LI 0 .
, (3.25) . 1
| φ〉 =∑µ,ρ cµ,ρ | φµ,ρ〉 , (3.25)∑
µ,ρ
cµ,ρ | φµ,ρ〉 | ξ〉 →
∑
µ,ρ
cµ,ρ | φµ,ρ〉 | Φµ,ρ〉+
∑
µ,ρ
cµ,ρ | ψ〉 | ηµ,ρ〉 (3.31)
, (3.26), (3.27) , , M µ′ , | Φµ,ρ〉
| ηµ,ρ〉 , µ′ , | ψ〉 ,
. , , . ,∑
µ,ρ cµ,ρ | ψ〉 | ηµ,ρ〉 . (3.28), (3.29) ,
P ′
P ′ =
∑
µ,ρ
| cµ,ρ |2‖ ηµ,ρ ‖2< ε (3.32)
.
31
, (3.26) (3.29) , (3.25)
.
[10]. L ,
LI (0,±1,±2,±3, · · · ,±l) .
L =
∑
λ
λΠλ (3.33)
, L , Πλ
Πλ =
∑
|λ′|≤l
ΠI,λ′ΠII,λ−λ′ (3.34)
. ΠI,λ′ ΠII,λ−λ′ , LI , LII
LI =
∑
λ
λΠI,λ LII =
∑
λ
λΠII,λ (3.35)
. , .
H = HI ⊗HII {Ψiα,β}, {Ψfγ,δ} , ,
∀λ, 〈Ψiµ′,ρ′ | Πλ | Ψiµ′′,ρ′′〉 = 〈Ψfµ′,ρ′ | Πλ | Ψfµ′′,ρ′′〉 (3.36)
,
(i) H → H′ ≡ HI ⊗H′II , H′II ⊃ HII
(ii) [U,L′] = 0, L′ ≡ LI ⊗ III + II ⊗ L′II
L′II H′II , HII LII .
(iii) U | Ψiµ,ρ〉 =| Ψfµ,ρ〉
U H .
, , (3.26) (3.29) ,
| Ψiµ,ρ〉 =| φµ,ρ〉 | ξ〉 (3.37)
| Ψfµ,ρ〉 =| φµ,ρ〉 | Φµ,ρ〉+ | ψ〉 | ηµ,ρ〉 (3.38)
, (3.36) | ξ〉, | Φµ,ρ〉, | ηµ,ρ〉 . Araki-Yanase
,
. , .
, LII λ HλII λ
. HλII
| ξ〉 =
∑
λ
| ξλ〉, | Φµ,ρ〉 =
∑
λ
| Φλµ,ρ〉, | ηµ,ρ〉 =
∑
λ
| ηλµ,ρ〉 (3.39)
32
. N ε .
N >
2l
ε
− 1
2
(3.40)
ε (3.28), (3.32) .
(a) | ξλ〉 .
〈ξλ | ξλ〉 = 0 (| λ |> N), (3.41)
〈ξλ | ξλ〉 = 1
2N + 1
(| λ |≤ N) (3.42)
(b) | Φλµ,ρ〉
〈Φλµ,ρ | Φλµ′,ρ′〉 = 0 (| λ |> N − 2l), (3.43)
〈Φλµ,ρ | Φλµ′,ρ′〉 =
1
2N + 1
δµ,µ′δρ,ρ′ (| λ |≤ N − 2l) (3.44)
(c) | ηλµ,ρ〉 . λ µ, ρ {| Φλµ,ρ〉}
Hλ,ηII , | ηλµ,ρ〉 ,
(c-1)
〈ηλµ,ρ | ηλµ,ρ〉 = 0, (| λ |> N + l, | λ |≤ N − 3l) (3.45)
(c-2)
〈ηλµ,ρ | ηλµ′,ρ′〉 =
1
2N + 1
∑
|λ′|<l,|λ−λ′|≤N
〈φµ,ρ | ΠI,λ′ | φµ′,ρ′〉, (N + l ≥| λ |> N − l) (3.46)
(c-3)
〈ηλµ,ρ | ηλµ′,ρ′〉 =
1
2N + 1
∑
|λ′|≤l,|λ−λ′|>N−2l
〈φµ,ρ | ΠI,λ′ | φµ′,ρ′〉, (N − l ≥| λ |> N − 3l) (3.47)
N , | ξλ〉 | Φλµ,ρ〉 −N < λ < N
, | ηλµ,ρ〉 | λ |∼ N . ε ,
, (3.40) N , ,
LII , . ,
Araki-Yanase , ,
. , LII ,
,
. Yanase
, [11].
3.3 Yanase ,
Yanase
[11]. Yanase , z- , 12 x-
.
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(1.12), (1.13) ,
, ,
γ+ ⊗ ξ → γ+ ⊗ Φ+ + γ− ⊗ η+ (3.48)
γ− ⊗ ξ → γ− ⊗ Φ− + γ+ ⊗ η− (3.49)
,
. (Φ+,Φ−) = 0 .
(3.48)(3.49) Yanase . , Araki-Yanase 2
, , ε .
Yanase , Araki-Yanase ,
, .
.
3.3.1 Yanase
Yanase , (3.48), (3.49) Araki-Yanase
(3.1) . (2.52)
, Yanase ,
. (2.52) ϕµ,γ
, µ 6= µ′ (ϕµ,γ , ϕµ′,γ′) 6= 0 ). , (2.52)
, ( 1) Φµ,α,β , µ 6= µ′ (Φµ,α,β ,Φµ′,α′,β′) = 0
, ( 2) ϕµ,γ , (ϕµγ , ϕµ,γ′) = δγ,γ′ .
.
φµ,νξ →
∑
γ
ϕµ,γΦµ,ν,γ
Yanase (3.48), (3.49) , ν , ν
φµξ →
∑
γ ϕµ,γΦµ,γ . µ = ±
ϕ±,1 = γ±, Φ±,1 = Φ±, ϕ±,2 = γ∓, Φ±,2 = η±
, (3.48), (3.49)
γ±ξ → ϕ±,1Φ±,1 + ϕ±,2Φ±,2
.
, (ϕµ,γ , ϕµ′,γ′) .
‖ ψi,j ‖≡‖ (ϕµ,γ , ϕµ′,γ′) ‖=

1 0 0 1
0 1 1 0
0 1 1 0
1 0 0 1

‖ ψi,j ‖ i (µ, γ) .
(+, 1)→ (i = 1), (+, 2)→ (i = 2), (−, 1)→ (i = 3), (−, 2)→ (i = 4)
34
, (ϕ+,1, ϕ−,2) = ψ14 = 1 6= 0 , ( ) .
.
, ,
‖ Ψij ‖= (Φµ,γ ,Φµ′,γ′) =

(Φ+,Φ+) (Φ+, η+) (Φ+,Φ−) (Φ+, η−)
(η+,Φ+) (η+, η+) (η+,Φ−) (η+, η−)
(Φ−,Φ+) (Φ−, η+) (Φ−,Φ−) (Φ−, η−)
(η−,Φ+) (η−, η+) (η−,Φ−) (η−, η−)

, 
∗ ∗ 0 0
∗ ∗ 0 0
0 0 ∗ ∗
0 0 ∗ ∗

. Yanase , (Φ+,Φ−) = Ψ13 = Ψ31 = 0
, . .
, ,
Ψ14,Ψ23,Ψ24,Ψ32,Ψ41,Ψ42 0 , .
0 , Ψ12,Ψ21,Ψ34,Ψ43
0 , Φµ,γ .
, , 3.4
Ghirardi [43] . Yanase
.
3.3.2 Yanase
Yanase [11], [49]. (3.48), (3.49) sz α, β
(α+ β)⊗ ξ → (α+ β)⊗ Φ+ + (α− β)⊗ η+ (3.50)
(α− β)⊗ ξ → (α− β)⊗ Φ− + (α+ β)⊗ η− (3.51)
. , z- ,
η+ =
∑
λ
η+λ , η
− =
∑
λ
η−λ (3.52)
,
η+λ + η
−
λ = 2Γλ, η
+
λ − η−λ = 2∆λ (3.53)
. , (3.48), (3.49)
α⊗ ξλ → α⊗ (Bλ + Γλ) + β ⊗ (Cλ+1 −∆λ+1) (3.54)
β ⊗ ξλ → β ⊗ (Bλ − Γλ) + α⊗ (Cλ−1 +∆λ−1) (3.55)
. ( (1.10), (1.11) .)
35
(1.10), (1.11) . (3.50), (3.51)
, ,
. η+ η− .
. 2
. , α⊗ ξλ β ⊗ ξλ+1
0
(Bλ + Γλ, Cλ +∆λ) + (Cλ+1 −∆λ+1, Bλ+1 − Γλ+1) = 0 (3.56)
. (3.54), (3.55)
(ξλ, ξλ) = (Bλ + Γλ, Bλ + Γλ) + (Cλ+1 −∆λ+1, Cλ+1 −∆λ+1) (3.57)
(ξλ, ξλ) = (Bλ − Γλ, Bλ − Γλ) + (Cλ−1 +∆λ−1, Cλ−1 +∆λ−1) (3.58)
,
(Cλ+1, Cλ+1)− (Cλ−1, Cλ−1) = 2<[(Cλ+1,∆λ+1) + (Cλ−1,∆λ−1)− 2(Bλ,Γλ)
+(∆λ−1,∆λ−1)− (∆λ+1,∆λ+1)] (3.59)
. 0 . (3.59)
. (Cλ, Cλ) 0 ,
Φ+,Φ− , (Cλ, Cλ) , (Φ+,Φ+) + (Φ−,Φ−)
, (3.59) (Cλ, Cλ) Γλ,∆λ ,
.
(3.56) , , . (ξ, ξ) =∑
λ(ξλ, ξλ) = 1 . [(3.54) (3.55) α, β (α, α) = (β, β) = 1
](3.57), (3.58) ,∑
λ
(ξλ, ξλ) =
∑
λ
(
(Bλ, Bλ) + (Γλ,Γλ) +
1
2
(∆λ−1,∆λ−1) +
1
2
(∆λ+1,∆λ+1)
+
1
2
(Cλ+1, Cλ+1) +
1
2
(Cλ−1, Cλ−1) + <[(Cλ−1,∆λ−1)− (Cλ+1,∆λ+1)]
)
= 1 (3.60)
. Φ+ Φ− (Φ+,Φ−) = 0 , Bλ, Cλ∑
λ
(Bλ + Cλ, Bλ − Cλ) = 0 (3.61)
. (3.56), (3.59), (3.60), (3.61) . z-
, x- (3.48) (3.49), (3.50), (3.51) ,
Φ+,Φ−, η+, η− , z λ
. , Φ+,Φ−, η+, η−
, .
(3.56), (3.59), (3.60), (3.61) ,
(3.48)(3.49) . (3.56), (3.59) λ λ± 1
Bλ, Cλ,Γλ,∆λ , (3.60), (3.61)
. , Bλ, Cλ,Γλ,∆λ
36
(Bλ,Γλ) ≡ Υ(λ), (∆λ,∆λ) ≡ Ω(λ), · · · λ ,
,
, (3.56), (3.59), (3.60), (3.61) . , ,
(3.48), (3.49) , (3.56), (3.59), (3.60), (3.61) Bλ, Cλ,Γλ,∆λ ,
Φ+,Φ−, η+, η− ,
. ,
.
(3.48), (3.49) , η+, η−
, . (3.48), (3.49)
. (3.48), (3.49) , γ+
γ− , η+ η− ,
.
(η±, η±) , η+ η− Φ+,Φ− .
η+ η− Φ+,Φ− , η+ η−
. Φ+ Φ− . (3.48), (3.49)
, ,
. c+γ+ + c−γ− (| c+ |2 + | c− |2= 1)
(c+γ+ + c−γ−)⊗ ξ → c+γ+ ⊗ Φ+ + c+γ− ⊗ η+ + c−γ− ⊗ Φ− + c−γ+ ⊗ η− (3.62)
, γ+ ⊗ Φ+ P++
P++ =
∣∣∣c+ ‖ Φ+ ‖ +c−(Φ+, η−)/ ‖ Φ+ ‖∣∣∣2 (3.63)
. γ− ⊗ Φ− P−−
P−− =
∣∣∣c− ‖ Φ− ‖ +c+(Φ−, η+)/ ‖ Φ− ‖∣∣∣2 (3.64)
. (3.48) ‖ Φ+ ‖2 + ‖ η+ ‖2= 1 (3.48), (3.49) ,
,
(Φ+, η−) + (η+,Φ−) = 0 (3.65)
, , P++ + P−−
|c+|2(1− ‖ η+ ‖2) + |c−|2(1− ‖ η− ‖2) + 1− (|c+|
2 ‖ η+ ‖2 +|c−|2 ‖ η− ‖2)
(1− ‖ η+ ‖2)(1− ‖ η− ‖2) |(Φ
+, η−)|2 (3.66)
(3.62) γ− ⊗ Φ+, γ+ ⊗ Φ− P−+, P+−
P−+ = |c+|2|(Φ+, η+)|2, P+− = |c−|2|(Φ−, η−)|2 (3.67)
. P−+ + P+− . P++ +
P−−+P+−+P−+ 1 . .
, , γ+ ⊗Φ+, γ− ⊗Φ−, γ− ⊗Φ+, γ+ ⊗Φ−
.
, .
, (I)+ (II) 3
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III , (3.63), (3.64), (3.67)
. , (3.63), (3.64), (3.67) , Φ+,Φ−
, 3 III (3.62) γ+ ⊗ Φ+, γ− ⊗ Φ−,
γ−⊗Φ+, γ+⊗Φ− .
III
. , Φ+,Φ− γ+, γ−
. 3 III (I+II)
, I+II][III .
I+II , I][II ,
[43]. . Wigner Yanase
ε =
∑
λ
[(η+λ , η
+
λ ) + (η
−
λ , η
−
λ )] = 2
∑
λ
[(Γλ,Γλ) + (∆λ,∆λ)] (3.68)
. , ,
, . Φ± η± (3.48), (3.49)
. Φ± η± ,
.
, ,
,
(Φ± ) , ,
.
Λ2 =
∑
λ λ
2(ξλ, ξλ) . ,
. , (3.60) (ξλ, ξλ) (3.57) (3.58) ,
Λ2 =
1
2
∑
λ
λ2[2(Bλ, Bλ) + (Cλ+1, Cλ+1) + (Cλ−1, Cλ−1)
+2<(Cλ−1,∆λ−1)− 2<(Cλ+1,∆λ+1) + (∆λ+1,∆λ+1) + (∆λ−1,∆λ−1)] (3.69)
. , Λ2 , Bλ, Cλ,Γλ,∆λ (3.56), (3.59), (3.60), (3.61)
ε . .
, , (Bλ, Bλ), (Cλ, Cλ) À (Γλ,Γλ), (∆λ,∆λ)
. , (3.59) (Cλ, Cλ) λ ,
(Bλ, Bλ), (Cλ, Cλ) λ 0 , λ
. , Γλ,∆λ 2 ,
, . (3.56)
(Bλ, Cλ) = 0 (3.70)
(3.59)
2
d
dλ
(Cλ, Cλ) = 2<[(Cλ,∆λ)− (Bλ,Γλ)] (3.71)
(3.60) ∑
λ
[(Bλ, Bλ) + (Cλ, Cλ)] = 1 (3.72)
38
(3.61) ∑
λ
(Bλ, Bλ) =
∑
λ
(Cλ, Cλ), =
∑
λ
(Bλ, Cλ) = 0 (3.73)
ε = 2
∑
λ
[(Γλ,Γλ) + (∆λ,∆λ)] (3.74)
Λ2 =
∑
λ
λ2[(Bλ, Bλ) + (Cλ, Cλ)] (3.75)
. (3.74) , (3.71) ∆λ,Γλ Cλ, Bλ
. a + bi , ∆λ = (a + bi)Cλ , (∆λ,∆λ) =
(a2 + b2)(Cλ, Cλ) , b = 0 (3.71) , ∆λ
.
.
(Bλ, Bλ) = (Cλ, Cλ)
(Γλ,Γλ) = (∆λ,∆λ)
, . (Cλ,∆λ) (Bλ,Γλ)
, , (Cλ,∆λ) (Bλ,Γλ) , . ,
(3.71) 0 .
(3.70) (3.75) ,
. B(λ), C(λ),Γ(λ),∆(λ) ,
4C(λ)
dC(λ)
dλ
= 4C(λ)∆(λ) (3.76)∫
C2(λ)dλ = 1/2 (3.77)
ε = 4
∫
Γ2(λ)dλ = 4
∫
∆2(λ)dλ (3.78)
Λ2 = 2
∫
λ2C2(λ)dλ (3.79)
(3.70) . (3.76) (3.78)
ε = 4
∫ (dC(λ)
dλ
)2
dλ (3.80)
.
ε , (3.77), (3.79) , Lagrange
. −ν, µ ,
δ
∫ {(dC(λ)
dλ
)2
− ν · C2(λ) + µ · λ2C2(λ)
}
dλ = 0 (3.81)
. Euler-Lagrange
−d
2C(λ)
dλ2
+ µλ2C(λ) = νC(λ) (3.82)
39
, Schro¨dinger . ,
Gauss fe−gλ
2
. , µ = 4g2, ν = 2g
C(λ) =
( 1
8piΛ2
)1/4
e−
λ2
4Λ2 (3.83)
,
ε =
1
2Λ2
(3.84)
.
, Λ2 =
∑
λ λ
2(ξλ, ξλ) , (3.83)
C(λ) , ε (3.84)
. . Yanase , ,
, , , Φ+,Φ−
N LII = Lz , (Φ+λ ,Φ
−
λ ) = 0
. , Λ2 , Λ
Γλ =
d
dλ
Cλ +∆λ +O(Λ−7/2) (3.85)
. , ε (3.76), (3.77), (3.79) ,
ε =
∑
λ
[(
d
dλ
C(λ))2 +O(Λ−5)] (3.86)
,
ε =
1
8Λ2
(3.87)
.
Araki-Yanase 2 (3.25)
(3.48), (3.49) ) , , ,
. (3.25) | λ |∼ N
, (3.83) λ ,
| C(λ) |2∼ exp[− λ
2
2Λ2
] (3.88)
, Λ . N . η(
) C(λ) Γ(λ) , ±√2Λ .
. η C(λ) Γ(λ) ,
Λ2 ,
. , Λ2
(3.59) . ,
(3.59) , . (3.48),
(3.49) LI . , C(λ) Γ(λ)
. Yanase Araki-Yanase ,
, LI
. ,
, (3.59)
40
. ,
Yanase . ,
. Ghirardi ,
, . ,
4 Busch ,
. 8 .
3.4 Yanase
Yanase , [43], [45], [46],
[47]. Yanase , Ghirardi
. , 1/2 1 ,
, .
.
3.4.1 Ghirardi
, . Ghirardi , Yanase
(3.48), (3.49) Φ+,Φ− ,
[43].
Φ± = ξ± + δ± (3.89)
(ξ+, ξ−) = 0 . δ± ξ± .
. δ±∓ , δ
± ξ∓ , δ±∗ ξ
±
, (3.48), (3.49) η± , η++ , η
+
−, η
+
∗ η
−
+ , η
−
− ,
η−∗ . , (3.89) , (3.48), (3.49)
γ+ ⊗ ξ → γ+ ⊗ ξ+ + γ+ ⊗ δ+− + γ+ ⊗ δ+∗ + γ− ⊗ η++ + γ− ⊗ η+− + γ− ⊗ η+∗ (3.90)
γ− ⊗ ξ → γ− ⊗ ξ− + γ− ⊗ δ−+ + γ− ⊗ δ−∗ + γ+ ⊗ η−+ + γ+ ⊗ η−− + γ+ ⊗ η−∗ (3.91)
.
‖ γ± ‖=‖ ξ ‖= 1 ,
‖ ξ+ ‖2 + ‖ δ+− ‖2 + ‖ δ+∗ ‖2 + ‖ η++ ‖2 + ‖ η+− ‖2 + ‖ η+∗ ‖2= 1 (3.92)
‖ ξ− ‖2 + ‖ δ−+ ‖2 + ‖ δ−∗ ‖2 + ‖ η−+ ‖2 + ‖ η−− ‖2 + ‖ η−∗ ‖2= 1, (3.93)
(γ+ ⊗ ξ, γ− ⊗ ξ) = 0
(ξ+, η−+) + (δ
+
−, η
−
−) + (δ
+
∗ , η
−
∗ ) + (η
+
−, ξ
−) + (η++ , δ
−
+) + (η
+
∗ , δ
−
∗ ) = 0 (3.94)
.
41
, η , δ
. , , ,
, δ, η .
γ+ ⊗ ξ+, γ− ⊗ η++ , γ− ⊗ ξ−, γ+ ⊗ η−− ,
γ+ ⊗ δ+−, γ− ⊗ η+−, γ− ⊗ δ−+ , γ+ ⊗ η−+ ,
γ+ ⊗ δ+∗ , γ− ⊗ η+∗ , γ− ⊗ δ−∗ , γ+ ⊗ η−∗ .
, , ξ±
, ξ±
. ,
. ,
, ,
, δ η , (3.48), (3.49)
. ,
. Ghirardi
[46].
Ghirardi , .
, , ,
, ,
,
. , η++ , η
−
− , δ
+
−, δ
−
+
, δ+∗ , δ
−
∗ , η
+
∗ , η
−
∗ .
, .
, (3.90), (3.91) γ+ ⊗ ξ+, γ− ⊗ ξ− 2
. . η 2
. , η ,
.
Araki-Yanase , [(3.25) ]. (3.48), (3.49)
, η , (3.89) . z- U
U(γ± ⊗ ξ) = γ± ⊗ Φ± (3.95)
. ,
(γ− ⊗ ξ, (sz + Lz)γ+ ⊗ ξ) = (U(γ− ⊗ ξ), (sz + Lz)U(γ+ ⊗ ξ)) (3.96)
, (Φ+,Φ−) = 1 . , .
ε = η2 = (η+, η+) + (η−, η−) ,
Yanase (3.87) [43]. δ = (δ+, δ+) + (δ−, δ−) ,
42
, ε+ δ , .
, 3.3.1 . Yanase
. Araki-Yanase
, Yanase
. Araki-Yanase ,
. , , (
), ( 1), ( 2) . Yanase ( 1)
, . , . ( 1)
, Yanase ,
(Φ+,Φ+) (Φ+, η+) (Φ+,Φ−) (Φ+, η−)
(η+,Φ+) (η+, η+) (η+,Φ−) (η+, η−)
(Φ−,Φ+) (Φ−, η+) (Φ−,Φ−) (Φ−, η−)
(η−,Φ+) (η−, η+) (η−,Φ−) (η−, η−)
 =

∗ ∗ 0 0
∗ ∗ 0 0
0 0 ∗ ∗
0 0 ∗ ∗

. Yanase Ghirardi , .
Yanase (3.89) δ ,
, .
γ+ ⊗ ξ → γ+ ⊗ Φ+ + γ− ⊗ η++ + γ− ⊗ η+− + γ− ⊗ η+∗ (3.97)
γ− ⊗ ξ → γ− ⊗ Φ− + γ+ ⊗ η−+ + γ+ ⊗ η−− + γ+ ⊗ η−∗ (3.98)
.
γ+ ⊗ Φ+, γ− ⊗ η++ = γ− ⊗ (Φ+, η+)Φ+/ ‖ Φ+ ‖2,
γ− ⊗ Φ−, γ+ ⊗ η−− = γ+ ⊗ (Φ−, η−)Φ−/ ‖ Φ− ‖2
γ− ⊗ η+− = γ− ⊗ (Φ−, η+)Φ−/ ‖ Φ− ‖2, γ+ ⊗ η−+ = γ+ ⊗ (Φ+, η−)Φ+/ ‖ Φ+ ‖2
γ− ⊗ η+∗ , γ+ ⊗ η−∗
Yanase , , ‖ η+− ‖2 + ‖ η−+ ‖2
. Yanase ,
η+, η− , ,
. , .
( 1) , Φ+,Φ− ,
( (Φ−, η+) = (Φ+, η−) = 0). (η+, η−) = 0 . , (η+∗ , η−∗ ) = 0
. , P˜ (Φ+,Φ− Π+,Π− )
P˜ = Π+ −Π−
, .
. ,
43
,
.
(3.97), (3.98) .
γ+ ⊗ ξ → (γ+ + ((Φ
+, η+)
‖ Φ+ ‖2 γ
−)⊗ Φ+ + γ− ⊗ η+∗ (3.99)
γ− ⊗ ξ → (γ− + ((Φ
−, η−)
‖ Φ− ‖2 γ
+)⊗ Φ− + γ+ ⊗ η−∗ (3.100)
ψ = c+γ+ + c−γ− , (P˜ )+1,−1
, | c+ |2, | c− |2 . , Yanase
, P˜ = Π+ −Π− .
, ( ) ((η+∗ , η
−
∗ ) = 0)
, η+∗ , η
−
∗ Π
+
∗ ,Π
−
∗ , ,
P˜ ′ = Π+ −Π− + c(Π+∗ −Π−∗ ), (c ∈ R, | c |6= 1)
, {1, c}, {−1,−c} | c+ |2, | c− |2
, . , 1, c
, γ+ ,
γ+ +
(Φ+, η+)
‖ Φ+ ‖2 γ
−, γ−
. Yanase I+ II ,
III , II
. I + II , 3
, .
(3.99), (3.100) , 3.3.1 . 3
(Φ+, η+) = (Φ−, η−) = 0 . ,
1,−1 , γ+, γ− 2 .
3.4.2
Ghirardi ,
[45].
, Yanase (3.48), (3.49) .
U(φµ ⊗ ξ) = φµ ⊗ Φµ +
∑
µ 6=ρ
φρ ⊗ ϕµ,ρ (3.101)
{φµ} I , U . ξ,Φµ, ϕµ,ρ II
, . , {φµ}
, (ξ, ξ) = 1 , .
(Φµ,Φµ) +
∞∑
ν 6=µ
(ϕµ,ν , ϕµ,ν) = 1 (3.102)
23.5.1 Matsumoto . .
44
(Φµ,Φµ′) +
∞∑
ν 6=µ,ν 6=µ′
(ϕµ,ν , ϕµ′,ν) = 0 (µ 6= µ′) (3.103)
,
∑∞
ν 6=µ(ϕµ,ν , ϕµ,ν) ,
. , .
η2ν =
∑
µ6=ν
‖ ϕν,µ ‖2 (3.104)
. (3.101) .
LI ⊗ III , II ⊗ LII ,
(i) LI .
(ii) ξ (‖ ξ ‖2= 1) LII .
(iii)∀b ∈ R, [U, exp{ib(LI ⊗ III + II ⊗ LII)}] = 0
, .
| 1− (Φµ,Φν) | · | (φµ, LIφν) |
≤ ‖ LIIξ ‖ ·
[
(‖ ϕν,µ ‖2 +
∑
ρ∈Nµ
‖ ϕν,ρ ‖2)1/2 + (‖ ϕµ,ν ‖2 +
∑
σ∈Nν
‖ ϕµ,σ ‖2)1/2
]
+ ‖ LI ‖ (2ηµ + 2ην + ηµην) (3.105)
L = LI ⊗ III + II ⊗ LII exp{ib(LI ⊗ III + II ⊗ LII)} .
‖ LII ‖ , Nµ Nν , N , µ, ν(µ 6= ν)
, µ /∈ Nµ, ν /∈ Nν ,Nµ ∪Nν = N,Nµ ∩Nν = ∅ .
. L = LI + LII
⊗ .
φσ Πσ , µ, ν(µ 6= ν) , ,
Pα = Πα + Π˜α, Π˜α =
∑
τ∈Nα
Πτ , α = µ, ν (3.106)
. , PµPν = PνPµ = 0 Pµ + Pν = II .
.
eib(LI+LII) = eib(LI+LII)Pµ + Pνeib(LI+LII) − Pνeib(LI+LII)Pµ + Pµ + Pµeib(LI+LII)Pν (3.107)
, U (iii) ,
eib(LI+LII) = eib(LI+LII)U†PµU + U†PνUeib(LI+LII)
+U†PνeibLIPµeibLIUeib(LI+LII) (3.108)
+U†PµeibLIPνeibLIUeib(LI+LII)
. φµξ φνξ (φµξ, eib(LI+LII)φνξ) ,
. LII , ξ b(6= 0) ,
eibLI = II + ibθ(b) (3.109)
eibLII = III + ibΘ(b) (3.110)
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θ(b),Θ(b) , b→ 0 , θ(b) LI , Θ(b)ξ LIIξ
. µ 6= ν (φµξ, eib(LI+LII)φνξ) (3. 108) , PµPν = PνPµ = 0
Pµ + Pν = II ,
lim
b→0
1
b
(ξ, [III + ibΘ(b)]ξ)(φµ, [II + ibθ(b)]φν) (3.111)
.
(φµ, LIφν) = (ULII(ξφµ),PµU(ξφν))
+ (PνU(ξφµ), ULII(ξφν))
+ (ULI(ξφµ),PµU(ξφν))
+ (PνU(ξφµ), ULI(ξφν)) (3.112)
− (PνU(ξφµ), LIPµU(ξφν))
+ (U(ξφµ),PµLIPνU(ξφν))
, PµLIPν = ΠµLIΠν +ΠILIΠ˜ν + Π˜µLIPν , ΠαU(ξφα) = Φαφα
(3.112)
[1− (Φµ,Φν)](φµ, LIφν) = (ULII(ξφµ),PµU(ξφν))
+ (PνU(ξφµ), ULII(ξφν))
+ (ULI(ξφµ),PµU(ξφν))
+ (PνU(ξφµ), ULI(ξφν)) (3.113)
− (PνU(ξφµ), LIPµU(ξφν))
+ (ΠµU(ξφµ), LIΠ˜νU(ξφν))
+ (Π˜µU(ξφµ), LIPνU(ξφν))
. , Schwarz
(ULII(ξφµ),PµU(ξφν)) ≤‖ LIIξ ‖ · ‖ PµU(ξφν)PµU(ξφν) ‖
ηα, (3.104) (3.105) .
, . (3.105) ‖ LIIξ ‖
,
| (φµ, LIφν) |
‖ LIIξ ‖ ≤ (‖ ϕν,µ ‖
2 +
∑
ρ∈Nµ
‖ ϕν,ρ ‖2)1/2 + (‖ ϕµ,ν ‖2 +
∑
σ∈Nν
‖ ϕµ,σ ‖2)1/2 (3.114)
√
AB ≤ (A+B)/2 ,
‖ ϕν,µ ‖2 +
∑
ρ∈Nµ
‖ ϕν,ρ ‖2 + ‖ ϕµ,ν ‖2 +
∑
σ∈Nν
‖ ϕµ,σ ‖2≥ | (φµ, LIφν) |
2
2 ‖ LIIξ ‖2 (3.115)
. µ ≤ ρ < ν , Nµ = {1, 2, · · · , µ−1, µ+1, · · · ρ}, Nν = {ρ+1, ρ+2, · · · , ν−1, ν+1, · · · }
, ∑
τ≤ρ
‖ ϕν,τ ‖2 +
∑
τ>ρ
‖ ϕµτ ‖2≥ | (φµ, LIφν) |
2
2 ‖ LIIξ ‖2 (3.116)
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. 1/2 x- , sz +Lz , , Yanase
, µ = 1, ρ = 1, ν = 2 ,
‖ ϕ21 ‖2 + ‖ ϕ12 ‖2≥ ~
2
8 ‖ Lzξ ‖2 =
1
8Λ2
(3.117)
, Yanase (3.87) .
s . −s s , ρ = µ, ν = µ+ 1
, (3.116)
µ∑
τ=−s
‖ ϕµ+1,τ ‖2 +
s∑
τ=µ+s
‖ ϕµ,τ ‖2≥ ~
2
8 ‖ Lzξ ‖2 (s+ µ+ 1)(s− µ) (3.118)
. µ −s s .
µ, ν , Nν = ∅ . (3.115) ,∑
τ 6=ν
‖ ϕν,τ ‖2 + ‖ ϕµν ‖2≥ | (φµ, LIφν) |
2
2 ‖ LIIξ ‖2 (3.119)∑
τ 6=ν ‖ ϕν,τ ‖2 (3.101) ,
.
Yanase . ,
| (φµ, LIφν) |2 . , , M
, . M LI ,
. , .
, Ghirardi-Rimini-Weber , ,
ε =
∑
ν η
2
ν .
, η2ν
.
(3.116) ρ = µ, ν = µ+ 1 µ ,
ε ≥ 1
2 ‖ LIIξ ‖2
∑
µ
| (φµ, LIφµ+1) |2 (3.120)
LI , .
. W (µ) ,
, . (3.119)
µ ν ,
ε ≥ (∆LI)
2
µ
2 ‖ LIIξ ‖2 (3.121)
. φµ LI . µ , ε , µ
. , LI
.
. Araki-Yanase Yanase , LI
,
,
.
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3.4.3 , GMRW
, LI , Busch ,
. , ,
, Ghirardi
. , Stern-Gerlach
, .
, ,
. [46]. Dirac
.
1
2 z- , Stern-Gerlach ,
. , +
. +
, . + +
. Stern-Gerlach ,
. , +
. ~s + ~M +
~N , ~L = ~M + ~N .
~s+ ~L .
.
+ 1/2 z- sz + .
.
H = Kp + gs3M3 (3.122)
. Kp . g , s3 sz
x, y, z 1, 2, 3 . M3 z- .
~M ~M2
[ ~M2,Kp] = 0 (3.123)
[ ~M2, gs3M3] = 0 (3.124)
[Kp, gs3M3] = 0 (3.125)
~M2,Kp . Kp
, . gs3M3 k . M3 k
, l = 1 ,
M3 | m〉 = m~ | m〉, (m = 0,±1) (3.126)
k | γ±m〉 = ±mg~
2
2
| γ±m〉 (3.127)
. g~2/2 ≡ Ω . | ξ0〉
| ξ0〉 = 1
2
| m = 1〉+ 1√
2
| m = 0〉+ 1
2
| m = −1〉 (3.128)
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. | γ±ξ0〉 , k, Uk(t) = e−ikt
Uk(t) | γ±ξ0〉 =| γ±〉[ 12e
∓iΩt/~ | m = 1〉+ 1
2
| m = 0〉+ 1
2
e±iΩt/~ | m = −1〉] (3.129)
. t = T ≡ pi~/2 ,
Uk(T ) | γ±ξ0〉 =| γ±ξ±〉 (3.130)
| ξ±〉 = ∓ i
2
| m = 1〉+ 1√
2
| m = 0〉 ∓ i
2
| m = −1〉 (3.131)
. 〈ξ+ | ξ−〉 = 0 , z- .
| ξ±〉
| ξ∗〉 = 1√
2
(| m = 1〉+ | m = −1〉) (3.132)
.
k = gs3M3 ,
. z-
, .
, + +
. Ghirardi ,
Euler , .
g~s · Jˆ · ~M (3.133)
Jˆ ,
. ,
. Htotal , K
Htotal = Kp +K + g~s · Jˆ · ~M (3.134)
. Htotal , [Kp, ~M2] = [Kp,K] = [Kp, g~s · Jˆ · ~M ] = [K, ~M2] = [ ~M2, g~s · Jˆ · ~M ] = 0
, ~M2 Kp . Kp , ~M2 = 1 · (1+1) = 2 .
Jˆ , z- s3 . WAY
. , Stern-Gerlach
k = gs3M3 ,
, k .
,
, k . Ghirardi
. . Jˆ
, c-
Jˆc =
 0 0 00 0 0
0 0 1
 (3.135)
k . Jˆ (3.135)
. ,
49
.
Euler (α, β, γ) , χ0 ≡ (α0, β0, γ0)
. Ψ0 Jˆ (α0, β0, γ0) = Jˆc
Jˆ (αq, βq, γq) | Ψ0〉 ≈ Jˆc | Ψ0〉 (3.136)
. Euler q .
, x, y, z (ϑ1, ϑ2, ϑ3) . Euler χ0
(ϑ1 = 0, ϑ2 = 0, ϑ3 = 0) . (ϑ1, ϑ2, ϑ3) ,
Jˆ Jˆ (ϑ1, ϑ2, ϑ3)
. Ψ0 ,
(ϑ1 = 0, ϑ2 = 0, ϑ3 = 0) . Ψ0 〈Ψ0 | ϑi | Ψ0〉 =
0, 〈Ψ0 | Ni | Ψ0〉 = 0 , 〈Ψ0 | ϑi2 | Ψ0〉 = ∆ϑi2, 〈Ψ0 | Ni2 | Ψ0〉 = ∆Ni2
, . ,
Jˆ (ϑ1, ϑ2, ϑ3)
Rˆ = Iˆ + ρˆ = Iˆ +
 0 −ϑ3 ϑ2ϑ3 0 −ϑ1
−ϑ2 ϑ1 0
 (3.137)
ϑ
Jˆ (ϑ1, ϑ2, ϑ3) = RˆJˆcRˆ−1 = Jˆc + (ρˆJˆc − Jˆcρˆ) (3.138)
. ,
. ϑi = 0
, (3.134) ,
. Heff
Heff = K + k + g~s · (ρˆJˆc − Jˆcρˆ) · ~M (3.139)
. Vδ + V² .
Vδ = g(ϑ2s3M1 − ϑ1s3M2) (3.140)
V² = g(ϑ2s1M3 − ϑ1s2M3) (3.141)
. , ,
. (3.139) U = exp[−iHefft] t = 0 | γ±ξ0Ψ0〉 , t = T = pi~/2
U | γ+ξ0Ψ0〉 = | γ+ξ+Ψ+〉+ | γ+ξ−∆+−〉+ | γ+ξ∗∆+∗ 〉
+ | γ−ξ+E++ 〉+ | γ−ξ−E+− 〉+ | γ−ξ∗E+∗ 〉
(3.142)
U | γ−ξ0Ψ0〉 = | γ−ξ−Ψ−〉+ | γ−ξ+∆−+〉+ | γ−ξ∗∆−∗ 〉
+ | γ+ξ−E−− 〉+ | γ+ξ+E−+ 〉+ | γ+ξ∗E−∗ 〉
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(3.143)
. (3.90), (3.91) . Ψ,∆, E , Ψ
, ∆, E . , ξ
, .
| γ+ξ+Ψ+〉, | γ−ξ+E++ 〉, | γ−ξ−Ψ−〉, | γ+ξ−E−− 〉
| γ+ξ−∆+−〉, | γ−ξ−E+− 〉, | γ−ξ+∆−+〉, | γ+ξ+E−+ 〉
| γ+ξ∗∆+∗ 〉, | γ−ξ∗E+∗ 〉, | γ−ξ∗∆−∗ 〉, | γ+ξ∗E−∗ 〉.
,
, .
| γ+ξ+Ψ+〉, | γ−ξ−Ψ−〉, | γ+ξ−∆+−〉, | γ−ξ+∆−+〉, | γ+ξ∗∆+∗ 〉, | γ−ξ∗∆−∗ 〉
| γ−ξ+E++ 〉, | γ+ξ−E−− 〉, | γ−ξ−E+− 〉, | γ+ξ+E−+ 〉, | γ−ξ∗E+∗ 〉, | γ+ξ∗E−∗ 〉.
,
. | γ+ξ+Ψ+〉, | γ−ξ−Ψ−〉
, (ε)
, Vδ = g(ϑ2s3M1−ϑ1s3M2) V² = g(ϑ2s1M3−ϑ1s2M3)
. V²
. V² ,
V² ←→ ε ≡
. Vδ .
Vδ ←→ δ ≡ −
. , δ 0
.
, . Ghirardi .
I, 〈Ψ0 | N2 | Ψ0〉
T~
I
¿ ~√〈Ψ0 | N2 | Ψ0〉 ¿ 1 (3.144)
, U = U (0) + U (1) + . . . ,
K ( )El k
Ωj . (3.144) . U (0)
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K + k . U (1) El,Ωj
| Φl〉 | φj〉 ,
〈φjΦl | U (1)(T ) | φkΨ0〉 = 〈φjΦl | V | φkΨ0〉e−i(El+Ωj)T/~ 1− e
i(Ωj−Ωk)T/~
Ωj − Ωk (3.145)
. (3.127) Ωj = jΩ , El
| Φl〉 N2 Nl(Nl + ~) El = Nl(Nl + ~)/2I . l , ,
, Ωj j z- .
Vδ, V² 0
〈γ±m′ | Vδ | γ±m〉 = ± Ω√
2
[ϑ2 + i(m′ −m)ϑ1], m′ 6= m, m′ +m 6= 0 (3.146)
〈γ±m | V² | γ±m〉 = Ωm(ϑ2 ∓ iϑ1) (3.147)
, (3.145)
〈γ±m′Φl | U (1)δ | γ±mΨ0〉 = −
1√
2
(m+m′ ± i)e−iElT/~〈Φl | [ϑ2 + i(m′ −m)ϑ1] | Ψ0〉 (3.148)
〈γ∓m′Φl | U (1)² | γ±mΨ0〉 = me−iElT/~〈Φl | (∓ϑ1 − iϑ2) | Ψ0〉 (3.149)
U
(1)
δ , U
(1)
² Vδ, V² U
(1) . (3.131), (3.132) ,
〈γ±ξ+Φl | U (1)δ | γ±ξ0Ψ0〉 =
i
2
e−iElT/~(1± 1)〈Φl | (ϑ1 − ϑ2) | Ψ0〉 (3.150)
〈γ±ξ∗Φl | U (1)δ | γ±ξ0Ψ0〉 =
i
2
e−iElT/~(−
√
2)〈Φl | (ϑ1 ± ϑ2) | Ψ0〉 (3.151)
〈γ±ξ−Φl | U (1)δ | γ±ξ0Ψ0〉 =
i
2
e−iElT/~(1∓ 1)〈Φl | (ϑ1 + ϑ2) | Ψ0〉 (3.152)
〈γ∓ξ+Φl | U (1)² | γ±ξ0Ψ0〉 =
1
2
e−iElT/~〈Φl | (ϑ1 ∓ ϑ2) | Ψ0〉 (3.153)
〈γ∓ξ∗Φl | U (1)² | γ±ξ0Ψ0〉 = 0 (3.154)
〈γ∓ξ−Φl | U (1)² | γ±ξ0Ψ0〉 = −
1
2
e−iElT/~〈Φl | (ϑ1 ∓ ϑ2) | Ψ0〉 (3.155)
.
| γ±ξ0Ψ0〉 , | γ?ξ??Φl〉 .
, ,
ξ? ,
. (3.142), (3.143) ξ?
. , , III
.
,
. , (γ?ξ??),
Pγ±ξ0→γ?ξ??( ) ,
. .
Pγ±ξ0→γ?ξ?? =
∑
l
| 〈γ?ξ??Φl | U (0)(T ) + U (1)(T ) | γ±ξ0Ψ0〉 |2 (3.156)
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ϑ1, ϑ2 (〈Ψ0 | ϑ1ϑ2 | Ψ0〉 = 0) .
U (0) | γ±ξ0〉 =| γ±ξ±〉 , (3.150)∼(3.155), (3.156) .
Pγ±ξ0→γ±ξ∓ = 0 (3.157)
Pγ±ξ0→γ±ξ∗ =
1
2
[(∆ϑ1)2 + (∆ϑ2)2] (3.158)
Pγ±ξ0→γ∓ξ± =
1
4
[(∆ϑ1)2 + (∆ϑ2)2] (3.159)
Pγ±ξ0→γ∓ξ∓ =
1
4
[(∆ϑ1)2 + (∆ϑ2)2] (3.160)
Pγ±ξ0→γ∓ξ∗ = 0 (3.161)
δ = (∆ϑ1)2 + (∆ϑ2)2, (3.162)
ε = (∆ϑ1)2 + (∆ϑ2)2 (3.163)
. (3.163) Yanase . ∆ϑi 〈N2i 〉
1
2
∆ϑi · 〈N2i 〉
1
2 ≥ ~/2 (3.164)
, ~L = ~N + ~M 〈N2i 〉
1
2 À 〈M2i 〉
1
2 ≈ ~ ,
ε =
~2
4
(
1
〈L21〉
+
1
〈L22〉
)
(3.165)
. Yanase ε = (~2/8)(1/〈L2i 〉) .
Yanase , .
, Matsumoto . . Ghirardi ,
GMRW .
3.5 , Matsumoto
Matsumoto , , Araki-Yanase
, Ghirardi ,
[47]. ,
, , .
1/2 z- , 3
Jx = sx + Lx, Jy = sy + Ly, Jz = sz + Lz , ,
Lz ,
. , Lz , Yanase
, . Matsumoto
, Yanase . Matsumoto , Ghirardi
.
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3.5.1 Matsumoto
Matsumoto Yanase , ,
. x .
,
U(γ+ ⊗ ξ) = γ+ ⊗ Φ+ + γ− ⊗ η+
U(γ− ⊗ ξ) = γ− ⊗ Φ− + γ+ ⊗ η− (3.166)
σxγ
± = ±γ±, ‖γ± ‖= 1 . Ghirardi-Rimini-Weber (3.89)
(Φ+,Φ−) = 0 , [U, Jx] = [U, Jy] = [U, Jz] = 0 , ε =‖ η+ ‖2 + ‖ η− ‖2
.
, Pauli σx, σy, σz SU(2) Lie . SU(2) Casimir
Ω
Ω =
1
4
(σ2x + σ
2
y + σ
2
z) = σ+σ− −
1
2
σx +
1
4
σ2x (3.167)
. σ± = (σy ± iσz)/2 . k 2k+1
Vk , Ω Vk Ω |Vk= k(k+1)I . I .
HI SU(2) , (1/2)σx, (1/2)σy, (1/2)σz ,
SU(2) , HI HI ⊗HII , (1/2)σx, (1/2)σy, (1/2)σz
, . U = e−itH ,
, H SU(2) . k
HII , SU(2) 2k + 1 Vk . ,
k . HI ⊗HII = V1/2 ⊗ Vk SU(2)
Vk+(1/2), Vk−(1/2) .
HI ⊗HII = Vk+(1/2) ⊕ Vk−(1/2) (3.168)
Schur , H , SU(2) , H
Vk+(1/2), Vk−(1/2) , c± , I c±I
. (3.166) γ± ⊗ ξ Vk+(1/2), Vk−(1/2) .
γα ⊗ ξ = Ψα+ +Ψα− (α = ±,Ψα+ ∈ Vk+(1/2),Ψα− ∈ Vk−(1/2)) (3.169)
Ω
Ω(γα ⊗ ξ) = (k + 1
2
)(k +
3
2
)Ψα+ + (k −
1
2
)(k +
1
2
)Ψα− (3.170)
, Ψα+,Ψα−
Ψα+ =
1
2k + 1
[2(sxγα ⊗ Lxξ) + (k + 1)γα ⊗ ξ + (s+γα)⊗ (L−ξ) + (s−γα)⊗ (L+ξ)] (3.171)
Ψα− =
1
2k + 1
[−2(sxγα ⊗ Lxξ) + kγα ⊗ ξ − (s+γα)⊗ (L−ξ)− (s−γα)⊗ (L+ξ)] (3.172)
. s± = sy ± isz, L± = Ly ± iLz . Ψα+,Ψα− , ,
,
U(γ+ ⊗ ξ) = e−itc+Ψ++ + e−itc−Ψ+− (3.173)
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U(γ− ⊗ ξ) = e−itc+Ψ−+ + e−itc−Ψ−− (3.174)
. (3.166) Φ+, η+,Φ−, η− .
Φ+ =
1
2k + 1
[e−itc+(Lx + k + 1)ξ + e−itc−(k − Lx)ξ],
η+ =
1
2k + 1
(e−itc+ − e−itc−)L+ξ,
Φ− =
1
2k + 1
[e−itc+(−Lx + k + 1)ξ + e−itc−(k + Lx)ξ],
η− =
1
2k + 1
(e−itc+ − e−itc−)L−ξ (3.175)
,
(Φ+,Φ−) =
2
(2k + 1)2
[(cos τ − 1)(ξ, L2xξ) + k(k + 1)(cos τ + 1) +
1
2
+ i(2k + 1)(ξ, Lxξ) sin τ ] (3.176)
‖ η+ ‖2 + ‖ η− ‖2= 4
(2k + 1)2
(1− cos τ)[k(k + 1)− (ξ, L2xξ)] (3.177)
. τ = (c+ − c−)t . , (Φ+,Φ−) = 0
‖η+ ‖2 + ‖η− ‖2 . (Φ+,Φ−) = 0 .
(i) sin τ = 0, cos τ = −1, (ξ, L2xξ) = 14
(ii) (ξ, Lxξ) = 0, (cos τ − 1)(ξ, L2xξ) + k(k + 1)(cos τ + 1) + 12 = 0
(i) . (ii) .
‖ η+ ‖2 + ‖ η− ‖2= 2k(k + 1)− (ξ, L
2
xξ)
k(k + 1) + (ξ, L2xξ)
(3.178)
, (ξ, L2xξ) (ξ, Lxξ) = 0 , ε
ξ0 τ . x Lx k,−k
fk, f−k ,
ε =
2
2k + 1
, ξ0 =
1√
2
(fk + eiθf−k), cos τ = − 12k (3.179)
. θ .
.
, .
3.5.2 Matsumoto Yanase GMRW
, ,
Yanase GMRW Matsumoto . Yanase
, , Matsumoto
. , , x- ,
. Yanase ,
55
,
. , ξ0 = 1√2 (fk + e
iθf−k)
. z- .
Wigner [50]. Wigner
, Euler {α, β, γ} .
.
Dk({α, β, γ})k,l =
√(
2k
k − l
)
eikα cosk+l
1
2
β · sink−l 1
2
β · eilγ (3.180)
Dk({α, β, γ})−k,l = (−1)k+l
√(
2k
k − l
)
e−ikα cosk−l
1
2
β · sink+l 1
2
β · eilγ . (3.181)
l −k ≤ l ≤ k . , Euler {α, β, γ} = {0, pi2 , 0}
. Lz l ψkl ,
fk =
k∑
l=−k
√(
2k
k − l
)
(
1√
2
)k+l(
1√
2
)k−lψkl (3.182)
f−k =
k∑
l=−k
(−1)k+l
√(
2k
k − l
)
(
1√
2
)k+l(
1√
2
)k−lψkl (3.183)
, ξ0 = 1√2 (fk + e
iθf−k) Lz .
ξ0 =
1√
2
(
1
2
)k
k∑
l=−k
√(
2k
k − l
)
· (1 + eiθ(−1)k+l)ψkl (3.184)
| (ψkl , ξ0) |2=
1
2
(
1
2
)2k ( 2k
k − l
)
[(1 + (−1)k+l cos θ)2 + sin2 θ] (3.185)
.
(3.185) , θ = pi/2 θ = 3pi/2 , 2 Bi(2k, 1/2) . , (3.185) 2
. 2 Bi(n, p) n
de Moivre-Laplace )
n→∞,
(
n
x
)
px(1− p)n−x → 1√
2pi · np(1− p)e
−(x−np)2/2np(1−p) (3.186)
, n = 2k, p = 1/2 , k
| (ψkλ, ξ0) |2=
1√
2pi · k/2e
−λ2/k (3.187)
. Lz Λ2, ξ0 Λ2 = k/2
.
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, (3.179) , ε ,
. k →∞ ε ∼ 1/k ,
ε =
1
2Λ2
(3.188)
, Yanase 18Λ2 4 .
θ = pi/2 θ = 3pi/2 Yanase , (3.185)
. (3.185) 2 . k
, l 2
(
2k
k−l
)
, [(1 + (−1)k+l cos θ)2 + sin2 θ] l
, 2 2 . , k , θ
Yanase , 4 .
Matsumoto . ,
,
, , ,
.
. Matsumoto
, ,
, ,
.
.
Matsumoto Yanase
. C(λ) Yanase Matsumoto , Yanase
, Γλ = ddλCλ +∆λ + O(Λ
−7/2) , Matsumoto
, Γλ = ∆λ .
Matsumoto Ghirardi . GMRW
ε (3.165) . Lz Λ2, Yanase
ξ0 Λ2 = k/2 , Ly
3 .
ε =
~2
4
(
1
〈L2y〉
+
1
〈L2z〉
)
(3.189)
〈L2y〉 = 〈L2z〉 = ~2k/2 = ~2Λ2 ,
ε =
1
4
(
1
Λ2
+
1
Λ2
)
=
1
2Λ2
=
1
k
(3.190)
. . GMRW
, Matsumoto ξ0 ,
〈Li〉 = 0 ~L2 . GMRW
. Matsumoto
ξ0((3.179) ) , Lx k,−k fk, f−k
, x- ,
x- . k
3GMRW z- , Lx, Ly , x-
Lz , Ly .
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, ε 1/k GMRW . x-
( ) x- x- ∆ϑ ,
cos∆ϑ =
k√
k(k + 1)
(3.191)
, k
(∆ϑ)2 =
1
k
= ε (3.192)
. Matsumoto ε , ε
GMRW . x-
, x- x- , 1
. Lx k,−k fk, f−k
,
x- , , ,
(∆ϑ˜)2 (3.192)
(∆ϑ˜)2 = 2(∆ϑ)2 =
2
k
(3.193)
. γ+ . x-
, x-
, ∆ϑ˜ =
√
2/k
. . (3.166) ‖ η+ ‖2
. w− , (C+, C−) (θ y-
)
C ′− = isin
θ
2
C+ + cos
θ
2
C− (3.194)
. θ = ∆ϑ˜ =
√
2/k
w− =|C ′− |2= sin2
∆ϑ˜
2
≈ 1
2k
(3.195)
, k ‖ η+ ‖2 .
, x-
, . 8 .
Matsumoto (ξ0 (3.179) ) 3.4.1 , Yanase
, .
Φ+,Φ−, η+, η− , , .
γ+, γ− .
I][II+ III −→ I+ II][III ,
N ≡ | Φ+〉〈Φ+ | − | Φ−〉〈Φ− | +1
2
| η+〉〈η+ | −1
2
| η−〉〈η− |
, . , N
, Lx, Ly, Lz , Araki-Yanase ,
N . Matsumoto ,
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Yanase , ξ0 ,
. 3.4.1 Araki-Yanase
,
. , η , η
. Matsumoto ,
. ,
, ,
.
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4 Busch
. Ozawa
. Busch Busch
. Busch
.
, Ozawaza , [15] S. Kudaka, Found. Phys. 29(9), 1371
(1999) .
4.1 Ozawa
, Wigner-Araki-Yanase , LI
, LI , WAY- .
.
Ozawa 1991 , , [16].
2 von Neumann 2 (2.14), (2.20) ).
Ozawa 6 Ozawa
, Ozawa
, , Ozawa
. ,
, Busch ,
.
Ozawa , I x, px , II
y, z, w, py, pz, pw P = px+py+pz+pw
px I , py + pz + pw II . I x , II , pz − pw
. ,
. H ′ ,
.
H ′ =
1
2
κ(x− y)(w − z) (4.1)
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[H ′, P ] = 0 , . [x, px] = i WAY-
. II | ξ²〉 .
, Busch ,
. | x′, y′, p′z, p′w〉 {x′, y′, p′z, p′w}
, . x′, y′, p′z, p
′
w ,
′- . Φ(x, y, pz, pw, t) . Φ(x, y, , pz, pw, 0) = ψ(x)ξ²(y, pz, pw)
. Schro¨dinger z → i ∂∂pz , w → i ∂∂pw ,
∂
∂t
Φ(t) =
κ
2
(x− y)( ∂
∂pw
− ∂
∂pz
)
Φ(t) (4.2)
. . x = 12 (α+ β), y =
1
2 (β − α), pz = 12 (γ + δ), pw = 12 (δ − γ)
, Φ(x, y, pz, pw, t) = Ω(α, β, γ, δ, t) Ω(t) , ,
∂
∂t
Ω = −ακ ∂
∂γ
Ω (4.3)
. Θ Ω(t) = Θ(α, β, γ − tκα, δ) , t = τ , Ω(τ) =
Θ(α, β, γ − τκα, δ), Ω(0) = Θ(α, β, γ, δ). , Ω(0) = ψ(x)ξ²(y, pz, pw) ,
Ω(τ) = ψ(x)ξ²
(
y, pz − 12τκ(x− y), pw +
1
2
τκ(x− y)) (4.4)
.
I , .
. I δ(x− a) , II δ(y− b)δ(pz −
c)δ(pw − d) ,
δ(x− a)δ(y − b)δ(pz − c− 12τκ(x− y))δ(pw − d+ 12τκ(x− y)) (4.5)
. , x = a, y = b, pz = c+ 12τκ(a− b),
pw = d− 12τκ(a− b) . pz − pw = c− d+ τκ(a− b) ,
,
.
II .
〈y, pz, pw | ξ²〉 =
( 2
pi²
)3/4 exp[−1
²
(y2 + p2z + p
2
w)] (4.6)
∆(pz − pw) ≈ τκ²1/2 . ,
. ²1/2 . ,
. ,
, ,
. (contraction state) ,
. (SQL) C .
, ,
.
, II . ,
.
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4.2 Busch Busch
1985 Busch , ,
, [13].
Wigner-Araki-Yanase .
, ,
[14], [15].
, Busch . ,
, . ,
. q,Q ,
p P . p⊗ I+ I⊗P Pt . Hilbert
. H1 = H2 = L2(R), H = H1⊗H2, H+1 = L2(0,∞) H−1 = L2(−∞, 0); U H
, ψ+ ∈ H+1 , ψ− ∈ H−1 , η0 ∈ H2 supp(η0) ⊆ [−a, a] , η± ∈ H2 η+ = η+[ψ+],
η− = η−[ψ−], supp[η+] ⊆ [a,∞) supp[η−] ⊆ (−∞, a] . η+ = η+[ψ+]
η+ ψ+ . Busch
:
∀ψ+, ∀ψ−, ∃ψ˜± ∈ H1, U(ψ± ⊗ η0) = ψ˜± ⊗ η±. (4.7)
q- Q-
. Busch .
U , (q = 0)
.
, . 2a ,
0 . (q < 0) (q > 0)
. ,
.
∫
q′>0
|q′〉〈q′| dq′ −
∫
q′<0
|q′〉〈q′| dq′. (4.8)
von Neumann
, 2 von Neumann . ,
. von Neumann
, Busch
. , Busch .
Busch (4.7) U , U Pt
. .
. Busch
[13]. . ,
.
. ,
. : {q,Q}, {q, P}, {p,Q} {p, P}. Busch
,
. ψ˜± = ψ± .
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,
. { , } 1© { , } 2© . , Busch
{q,Q} 2© . .
, 8 :
{q,Q} 1© {q, P} 1© {p,Q} 1© {p, P} 1©
{q,Q} 2© {q, P} 2© {p,Q} 2© {p, P} 2©.
,
. , ,
2©- , 1©- ,
. , 1©- , 2©- . .
4.3 Busch
.
√
,
× . 1 .
Busch {q,Q} {q, P} {p,Q} {p, P}
1© × × √ ×
2© × × √ √
1 Busch
. (1) {q,Q} 2© , (2) {q, P} 2© , (3) {p,Q} 1©
, (4) {p, P} 1© (5) {p, P} 2© . ,
,
.
(1) . (Busch
Busch [13]. [U,Pt] = 0 U
.
[U,Pt] = 0 , ∀b ∈ R, [U, eibPt ] = 0 . ψb = eibpiψ = ψ(q + b)
. i = 1, 2, p1 = p, p2 = P , ∀ψ ∈ Hi, eibPt = eibpeibP . eibPt(ψ+ ⊗ η0)
ψ− ⊗ η0 . U [U, eibPt ] = 0 .(
ψb+, ψ−
) (
ηb0, η0
)
=
(
ψ˜b+, ψ˜−
)(
ηb+, η−
)
, (4.9)
, (
ψb+, ψ−
) (
ηb0, η0
)
=
(
eibPt (ψ+ ⊗ η0) , (ψ− ⊗ η0)
)
=
(
UeibPt (ψ+ ⊗ η0) , U (ψ− ⊗ η0)
)
=
(
eibPtU (ψ+ ⊗ η0) , U (ψ− ⊗ η0)
)
=
(
eibPt
(
ψ˜+ ⊗ η+
)
,
(
ψ˜− ⊗ η−
))
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=
((
ψ˜b+ ⊗ ηb+
)
,
(
ψ˜− ⊗ η−
))
=
(
ψ˜b+, ψ˜−
)(
ηb+, η−
)
.
Busch (4.9) . ∃b ∈ R,
(ηb0, η0) 6= 0 , 0 < |b| < 2a, ∃ψ+ ∈ H+1 , ∃ψ− ∈ H−1 ; (ψb+, ψ−) 6= 0 . (4.9)
. (4.9) 0 , 0 .
[14], [15] .
(2)
, P . Fourier
F [η(Q)] ≡ (2pi)−1
∫ ∞
−∞
η(Q)e−iPQ dQ
. , {q, P} 2© .
∀ψ+ ∈ H+1 , ∀ψ− ∈ H−1 , ∃ψ˜± ∈ H1, U (ψ± ⊗ η0) = ψ˜± ⊗ η±.
supp[F(η0)] ⊆ [−a, a], supp[F(η+)] ⊆ [a,∞) supp[F(η−)] ⊆ (−∞,−a] .
(4.9) (
ψb+, ψ−
) (
ηb0, η0
)
=
(
ψ˜b+, ψ˜−
)(
ηb+, η−
)
eibP f(P ) ,
∃b ∈ R, (ηb+, η−) = (eibP ρ+, ρ−) = (f(P )ρ+, ρ−)
(
ηb0, η0
)
=
(
eibP ρ0, ρ0
)
= (f(P )ρ0, ρ0)
. ρ0 = ρ0(P ) = F [η0(Q)] ρ± = ρ±(P ) = F [η±(Q)] . ,
∃b ∈ R, ∃ψ+ ∈ H+1 , ∃ψ− ∈ H−1 ,(
ψb+, ψ−
) (
ηb0, η0
)
=
(
ψb+, ψ−
)
(f(P )ρ0, ρ0) 6= 0, (4.10)
∀b ∈ R,
(
ψ˜b+, ψ˜−
)(
ηb+, η−
)
=
(
ψ˜b+, ψ˜−
)(
f(P )ρ+, ρ−
)
= 0 (4.11)
. (4.10) (4.11) , (4.9) . {q, P} 2©- ,
.
(3)
{p,Q} 1©- . , U(ψ±⊗ η0) = ψ±⊗ η±
. , , φ+ ∈ H+1 = L2(0,∞), φ− ∈ H−1 = L2(−∞, 0) ,
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φ±(p) = F [(ψ±(q))] . η0 η± .
,
H = −
(
p
|p| ⊗ P
)
(4.12)
. iΨ˙ = HΨ , Ψ(t) = UΨ(0), U = exp
[
it
(
p
|p| ⊗ P
)]
. (4.12)
[H,Pt] = [H, p⊗ I + I ⊗ P ] = 0 .
U (ψ± ⊗ η0) = exp
[
it
(
p
|p| ⊗ P
)]
(ψ± ⊗ η0).
. p- Q- ,
exp
[
it
(
p
|p| ⊗ P
)]
φ± ⊗ η0 = φ± ⊗ e±itP η0
= φ± ⊗ η′0,
. η
′
0 = η0(Q∓ t) . , supp[η0] ⊆ [−a, a] , , t t > 2a
, η
′
0 = η0(Q∓ t) , , η+ η− Busch .
(4)
. p-
P - , U(φ± ⊗ ρ0) = φ± ⊗ ρ± . (φ+ ⊗ ρ0, (p ⊗ I + I ⊗ P )(φ+ ⊗ ρ0))
.
(φ+ ⊗ ρ0, (p⊗ I + I ⊗ P )(φ+ ⊗ ρ0))
= (U(φ+ ⊗ ρ0), U(p⊗ I + I ⊗ P )(φ+ ⊗ ρ0))
= (U(φ+ ⊗ ρ0), (p⊗ I + I ⊗ P )U(φ+ ⊗ ρ0))
= (φ+ ⊗ ρ+, (p⊗ I + I ⊗ P )(φ+ ⊗ ρ+))
= (φ+, pφ+)(ρ+, ρ+) + (φ+, φ+)(ρ+, Pρ+)
= (φ+, pφ+) + (ρ+, Pρ+)
,
(φ+ ⊗ ρ0, (p⊗ I + I ⊗ P )(φ+ ⊗ ρ0)) = (φ+, pφ+) + (ρ0, Pρ0)
. , (ρ+, Pρ+) = (ρ0, Pρ0) , supp(ρ0) ⊆ [−a, a] supp(ρ+) ⊆ [a,∞)
.
(5)
, .
, . P
, σ |↑〉 |↓〉 ∑
. [P, σ] = 0 . Hilbert H1 ⊗H2 ⊗
∑
.
U .
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U =
∫∫
(p′>0,−∞<P ′<∞)
|P ′ − a, p′ + a, ↓〉〈p′, P ′, ↑| dp′ dP ′
+
∫∫
(p′<0,−∞<P ′<∞)
|P ′ + a, p′ − a, ↓〉〈p′, P ′, ↑| dp′ dP ′
+
∫∫
(−∞<p′<∞, P ′<−a)
|P ′ + a, p′ − a, ↑〉〈p′, P ′, ↓| dp′ dP ′
+
∫∫
(−∞<p′<∞,−a<P ′<a)
|p′, P ′, ↓〉〈p′, P ′, ↓| dp′ dP ′
+
∫∫
(−∞<p′<∞, P ′>a)
|P ′ − a, p′ + a, ↑〉〈p′, P ′, ↓| dp′ dP ′.
(4.13)
. , , ,
. “|P ′, p′, ↓〉” “|P ′〉|p′〉|↓〉” , |P ′〉 , ,
p P ′ , |p′〉
P p′ , |↓〉 .
. “a” . U UU† = U†U = I
.
, U {p, P} 2©- .
p′, P ′ p′′, P ′′ p′ + P ′ = p′′ + P ′′ , [U, p⊗ I + I ⊗ P ] = 0
. φ η , |φ±〉 =
∫
φ±(p′) dp′|p′〉 , |η0〉 =
∫
η0(P ′) dP ′|P ′〉
. φ±(p′) η0(P ′) supp(φ±) ⊆ [0,±∞) supp(η0) ⊆ [−a, a]
. |φ+〉|η0〉|↑〉 . U ,
.
U |φ+〉|η0〉|↑〉 = U
∫
φ+(p′′) dp′′|p′′〉
∫
η0(P ′′) dP ′′|P ′′〉|↑〉
=
∫∫
(p′>0,−∞<P ′<∞)
|P ′ − a, p′ + a, ↓〉〈p′, P ′, ↑ |dp′ dP ′
×
∫
φ+(p′′) dp′′|p′′〉
∫
η0(P ′′) dP ′′|P ′′〉|↑〉
=
∫∫
(p′>0,−∞<P ′<∞)
|P ′ − a, p′ + a, ↓〉 dp′ dP ′
×
∫
φ+(p′′) dp′′
∫
η0(P ′′) dP ′′δ(p′ − p′′)δ(P ′ − P ′′)
=
∫∫
(p′>0,−∞<P ′<∞)
|P ′ − a, p′ + a, ↓〉 dp′ dP ′φ+(p′)η0(P ′′)
=
∫∫
(λ>a,−∞<µ<∞)
η0(µ+ a)φ+(λ− a)|µ, λ, ↓〉 dλ dµ
=
∫
(−∞<µ<∞)
η0(µ+ a)|µ〉 dµ
∫
(λ>a)
φ+(λ− a)|λ〉 dλ|↓〉
|φ′〉 = ∫
(−∞<µ<∞) η0(µ+ a)|µ〉 dµ, |η
′〉 = ∫
(λ>a)
φ+(λ− a)|λ〉 dλ ,
U |φ+〉|η0〉|↑〉 = |φ′〉|η′〉|↓〉
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. supp(φ+) ⊆ [0,∞) , supp(η′) ⊆ [a,∞) , η′ η+
. φ−
U |φ−〉|η0〉|↑〉 = |φ′′〉|η′′〉|↓〉,
|φ′′〉 =
∫
(−∞<µ<∞)
η0(µ− a)|µ〉 dµ, |η′′〉 =
∫
(λ<a)
φ−(λ+ a)|λ〉 dλ
. {p, P} 2©- .
, .
(i) {q,Q} 2©- {q, P} 2©- .
(ii) {p,Q} 1© - {p,Q} 2©- .
(iii) {p, P} 1©- , {p, P} 2©- .
,
. ,
. , p′ → p′′ = P ′ − a, P ′ → P ′′ = p′ + a , m = M = 1
∆E , a(a+ p− P ) . Busch
η0 supp(η0) ⊆ [−a, a] , a (4.13)
a ), .
b , b < a Busch , b > a
. Busch , η+ η− (support)
, η0 . b > a , ,
NO- Renninger . NO-
[15] .
. η+ η− η′, η′′
. , |φ′〉 |φ′′〉 .
. ,
, , = ⊗ .
, . Busch
.
4.4
, ,
Busch . Busch
. , η+, η−
, (η+, η−) = 0 . ,∏
= |η+〉〈η+| − |η−〉〈η−| ,
. . , q Q
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, . ∀ψ+ ∈ H1, (supp(ψ+) ⊆ [0,∞)), ∀ψ− ∈ H1, (supp(ψ−) ⊆ (−∞, 0]),
∃η0 ∈ H2, ∃η± ∈ H2, ∃ψ˜± ∈ H1 , (η+, η−) = 0, ψ˜± = ψ˜±[ψ±]
U(ψ± ⊗ η0) = ψ˜± ⊗ η±
. (ψ˜+, ψ˜−) 6= 0 . Busch
[13]. Busch
.
, . ψ+, ψ− supp(F [ψ+]) ⊆
[0,∞), supp(F [ψ−]) ⊆ (−∞, 0] . .
. t = τ > 2a .
. , ,
, . η+, η−
. ,
a . η+, η−
,
. ,
. , ψ+, ψ−
.
∃ε > 0, ∀b ∈ R, 0 < |b| < ε, (eibP η+, η−) 6= 0 (ψ˜+, ψ˜−) = 0 .
(
ψb+ ⊗ ηb0, ψ− ⊗ η0
)
=
(
ψb+, ψ−
) (
ηb0, η0
)
(4.14)
. [U, p ⊗ I + I ⊗ P ] = 0 , (ψb+, ψ−) (ηb0, η0) = (ψ˜b+, ψ˜−) (ηb+, η−) .
∀b, (ψb+, ψ−) = 0 . , (ψb+, ψ−) = (eibpφ+, φ−) , supp(φ±) ⊆ [0,±∞)
supp(eibpφ+) ⊆ [0,+∞) . (ηb+, η−) 6= 0 ∃ε > 0, ∀b, 0 < |b| < ε,(
ψ˜b+, ψ˜−
)
= 0 . , eibp
(
ψ˜+, ψ˜−
)
= limb→0
(
ψ˜b+, ψ˜−
)
= 0 .
ψ˜+ ψ˜− .
,
, .
.
(
eibP η+, η−
)
= 0 ,
.
, U
(
ψ˜+, ψ˜−
)(
η+, η−
)
= 0 , .
.
∀|b| < ε, (eibP η+, η−) 6= 0 ε ,
.
(
ψ˜b+, ψ˜−
)(
ηb+, η−
)
= 0 ,
, (
ψ˜b+, ψ˜−
)(
ηb+, η−
)
=
∫
ψ˜∗+(q − b)ψ˜−(q) dq
∫
η∗+(Q− b)η−(Q) dQ = 0
. 0 < |b| < ε, (ηb+, η) 6= 0 ∫ ψ˜∗+(q − b)ψ˜−(q) dq = 0. .
χ(b)
∫
ψ˜∗+(q − b)ψ˜−(q) dq ≡ 0
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χ [−ε, ε] . ∫ ψ˜∗+(q − b)ψ˜−(q) dq Fourier
, χ(b)
∫
ψ˜∗+(q − b)ψ˜−(q) dq ≡ 0 Fourier∫
χ
′
(p− p′)φ˜∗+(p′)φ˜−(p′) dp′ = 0
. χ
′
= F [χ], φ˜+ = F [ψ˜+], φ˜− = F [ψ˜−] .
χ
′
= (2 sin εp)/p .∫
sin ε(p− p′)
(p− p′) φ˜
∗
+(p
′)φ˜−(p′) dp′ = 0 (∀p ∈ R). (4.15)
.∫
(p−1/ε<p′<p+1/ε)
φ˜∗+(p
′)φ˜−(p′) dp′ ≈ 0 (∀p ∈ R).
ε→∞ , sin(ε(p− p′))/(p− p′)→ δ(p− p′) . , φ˜∗+(p)φ˜−(p) = 0 (∀p ∈ R).
.
∫
η∗+(Q − b)η−(Q)dQ 6= 0, (∀|b| < ε, b 6= 0) ,
η+, η− , ε , ε
. ε → ∞, φ˜∗+(p)φ˜−(p) → 0, ∀p ∈ R , ε
, .
, .
ψ˜+, ψ˜− 〈Φ|∆(p)⊗ A|Φ〉
. Φ ψ˜+η+ + ψ˜−η− , ∆(p)∫
p−1/ε<p′<p+1/ε
|p′〉〈p′| dp′,
A 〈η+|A|η−〉 6= 0 . P .
,
. , ,
, ε = ∞ ,
.
, Busch [13] .
Busch
q Q , ∀ψ+ ∈ H1, (supp(ψ+) ⊆
[0,∞)), ∀ψ− ∈ H1, (supp(ψ−) ⊆ (−∞, 0]), ∃η0 ∈ H2, ∃η± ∈ H2, ∃ψ˜± ∈ H1, (η+, η−) = 0,
ψ˜± = ψ˜±[ψ±] ,
U(ψ± ⊗ η0) = ψ˜± ⊗ η±
.
(
ψb+ ⊗ ηb0, ψ− ⊗ η0
)
=
(
ψb+, ψ−
) (
ηb0, η0
)
, [U, p ⊗ I + I ⊗ P ] = 0
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, ∀b ∈ R (ψb+, ψ−) (ηb0, η0) = (ψ˜b+, ψ˜−) (ηb+, η−). b → eib[p⊗I+I⊗P ]
, ∀² > 0 , | b |< δ , (ηb0, η0) > 1 − ² (ηb+, η−) < ² δ > 0 .
‖ ψ+ ‖=‖ ψ− ‖=‖ η0 ‖= 1 . U , U(ψ± ⊗ η0) = ψ˜± ⊗ η±
‖ ψ± ‖ · ‖ η0 ‖=‖ ψ˜± ‖ · ‖ η± ‖= 1 ,
‖ η+ ‖ · ‖ η− ‖= (‖ ψ˜+ ‖ · ‖ ψ˜− ‖)−1 ≡ N
. |b |< δ b ψb+ = ψ− ψ+, ψ−
(
ηb0, η0
)
=
(
ψ˜b+, ψ˜−
) (
ηb+, η−
)
,
1− ² <
∣∣∣(ηb0, η0)∣∣∣ = ∣∣∣ (ψ˜b+, ψ˜−) (ηb+, η−) ∣∣∣ < ∣∣∣ (ψ˜b+, ψ˜−) ∣∣∣²
Schwarz
∣∣∣ (ψ˜b+, ψ˜−) ∣∣∣ <‖ ψ˜b+ ‖ · ‖ ψ˜− ‖ . eib[p⊗I+I⊗P ]
, ‖ ψb+ ‖=‖ ψ˜b+ ‖ , N/(N +1) < ² , ² .
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5 Galilei
. Busch , Galilei
. Galilei
. Busch Galilei
. Galilei
. ,
, [15] S. Kudaka, Found. Phys. 29(9), 1371 (1999)
.
5.1 Busch , Galilei
4 Busch ,
,
. , {p, P} 2©
. Busch
. ,
,
, . ,
. , Gailiei
[15].
1/2 , HS = p2 .
1/2 . , HA = P 2 + σE
. P , σ τ = ±1
|1〉 |−1〉 , E .
.
U |p, P, τ〉 = g|α, β, ρ〉 (5.1)
g p, P, τ g(p, P, τ) . α = α(p, P, τ), β = β(p, P, τ), ρ = ρ(p, P, τ) .
p− P ≡ J , α, β, ρ .
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(I) J > 0, τ = +1 ,
α(p, P,+1) =
1
2
(p+ P )−
√
1
4
J2 + E,
β(p, P,+1) =
1
2
(p+ P ) +
√
1
4
J2 + E, (5.2)
ρ(p, P,+1) = −1
(II) J < 0, τ = +1 ,
α(p, P,+1) =
1
2
(p+ P ) +
√
1
4
J2 + E,
β(p, P,+1) =
1
2
(p+ P )−
√
1
4
J2 + E, (5.3)
ρ(p, P,+1) = −1
(III) J > 2
√
E, τ = −1 ,
α(p, P,−1) = 1
2
(p+ P )−
√
1
4
J2 − E,
β(p, P,−1) = 1
2
(p+ P ) +
√
1
4
J2 − E, (5.4)
ρ(p, P,−1) = +1
(IV) −2√E < J < 2√E, τ = −1 ,
α(p, P,−1) = p,
β(p, P,−1) = P, (5.5)
ρ(p, P,−1) = −1
(V) J < −2√E, τ = −1 ,
α(p, P,−1) = 1
2
(p+ P ) +
√
1
4
J2 − E,
β(p, P,−1) = 1
2
(p+ P )−
√
1
4
J2 − E, (5.6)
ρ(p, P,−1) = +1
g(p, P, τ) .
|g(p, P, τ)|−2 =

√
J2 + 4E/|J | τ = +1
√
J2 − 4E/|J | |J | > 2√E, τ = −1
1 |J | < 2√E, τ = −1
(5.7)
U†U = UU† = I , U†U = I
〈α′ , β′ , ρ′ |α, β, ρ〉 = |g|−2δ(p− p′)δ(P − P ′)δρρ′
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(I) V ( A .
. p+ P = α + β
. p2+P 2+E = α2+ β2−E, ((5.2) (5.3) ),
p2 + P 2 − E = α2 + β2 + E ((5.4) (5.6) ), p2 + P 2 − E = α2 + β2 − E ((5.5)
.
Busch , ,
, J τ .
(II) ,
,
.
(III), (IV), (V) , J
, J
. .
Busch φ± supp(φ±) = [0,±∞) , |φ+〉 =∫
(p′>0) φ+(p
′)|p′〉 dp′ . η0 , |0,+1〉 =
∫
δ(P ′)|P ′〉 dP ′|+1〉
. (5.2) .
Φ+ = U |φ+, 0,+1〉
= U
∫
p′>0
φ+(p′)|p′〉 dp′ |0,+1〉
=
∫
p′>0
φ+(p′) dp′
∫
δ(P ′) dP ′ U |p′〉|P ′〉|+1〉
=
∫
p′>0
φ+(p′) dp′
∫
δ(P ′) dP ′
∣∣∣∣∣12(p′ + P ′)−
√
1
4
J2 + E
〉
⊗
∣∣∣∣∣12(p′ + P ′) +
√
1
4
J2 + E
〉
|−1〉g(p′, P ′,+1)
Φ+ |α, β〉 , p′ P ′ , α, β p′(α, β) P ′(α, β)
. (5.2) , p′(α, β) = 1/2(α + β) +
√
(1/4)K2 − E , P ′(α, β) = 1/2(α + β) −√
(1/4)K2 − E . K = (α− β) . .
Φ+ =
∫∫
dαdβ J˜g′(α, β,+1)φ+(p′(α, β))δ(P ′(α, β))|α, β,−1〉 (5.8)
g′ ≡ g(p′(α, β)), P ′(α, β),+1) , J˜ .
, Busch φ˜+(α)η+(β)
. , . 5.1 Φ+ α, β
.
δ Φ+(α, β) αβ = −E (−β < α < 0) , Φ− ,
αβ = −E (−β > α > 0) . Φ+[Φ−] , P
β β >
√
E [β < −√E] , 5.1 . P
, ∆β < 2
√
E p
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5.1: (5.1) Hilbert | p, P, τ〉 . τ = ±1
p-P α-β .
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5.2: 5.1
√
E .
N M , β , G
M .
. , . φ+[φ−]
β >
√
E [β < −√E] . 2a Busch
, a =
√
E . Busch
.
.
, , . , η0
∆η <
√
E , 5.2 N- , (p, P ) 0 < p < P < ∆η
.
5.2 M , α < 2
√
E, β < 0 (α, β) .
, p- , M β
. 5.2 M α
, M G′ , G
, β < 0 . , , p > 0 , p < 0
, β . β p ,
. , .
.
. (i) ∆η 6= 0, (ii)p− P = J < 0 .
, 5.1 p−P = 0
. , Λ , 4 ,
.
. Λ ∆η
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, . ∆η(= ∆P )
. Heisenberg ∆P ·∆Q & 1 ,
, . ,
, ∆Q a−1
. p = 0 , P .
, Λ ,
Galilei Galilei
. ,
.
.
Galilei . Λ
, v − V = 2J = 2(p− P ) .
2(α− β) J . ((I) ∼ (V) )
.
. ,
, Galilei
, .
, Galilei
. , . ,
. Λ , , ,
, J , p/m − P/M . m, M
. M =∞ P .
J p/m , (I), (II) (p > 0) α = −
√
p2 + 4mE, β = p + P +
√
p2 + 4mE, (p < 0)
α =
√
p2 + 4mE, β = p+ P −
√
p2 + 4mE , ∆η < 2
√
mE ,
. ,
[2], [44].
.
, Busch ( Busch ) , Galilei
. Galilei
. , ,
.
5.2 Galilei
, Galilei ,
, ,
. , Schro¨dinger
. Schro¨dinger . 2
, Galilei , Galilei
[51].
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, , Galilei .
Galilei , m [ q, p], M [ Q, P ] [
, ] ,
Gˇ ≡ g ⊗ I + I ⊗G
. g = mq − pt,G =MQ− Pt , t .
. qˇ ≡
q − Q( ), pˇ ≡ µJ ( . µ J = p/m − P/M ), Qˇ ≡
(mq +MQ)/(m+M) ( ), Pˇ ≡ p+ P ( ) . Galilei
Gˇ = (M +m)Qˇ− Pˇ t
. Gˇ = Gˇ† , [qˇ, pˇ] = i, [qˇ, Qˇ] = [qˇ, Pˇ ] = 0,
[pˇ, Pˇ ] = 0, [pˇ, Qˇ] = 0 [Qˇ, Pˇ ] = i . H(qˇ, pˇ, Qˇ, Pˇ )
. Gˇ Galilei , V = exp[iGˇv], v ∈ R
Galilei
q′ = V †qV = q + vt (5.9)
p′ = V †pV = p+mv (5.10)
Q′ = V †QV = Q+ vt (5.11)
P ′ = V †PV = P +Mv (5.12)
. V
qˇ′ = V †qˇV = qˇ (5.13)
pˇ′ = V †pˇV = pˇ (5.14)
Qˇ′ = V †QˇV = Qˇ+ vt (5.15)
Pˇ ′ = V †Pˇ V = Pˇ + (M +m)v (5.16)
. Gˇ , H(qˇ, pˇ, Qˇ, Pˇ , t)
Galilei .
[Gˇ(t),H(t)] + i
∂Gˇ(t)
∂t
= 0, (5.17)
, Gˇ(t) .
Gˇ(t) , Schro¨dinger
H(t)Ψ(t)− i∂Ψ(t)
∂t
= 0 (5.18)
[39], (5.17) 〈Φ(t) | Gˇ(t) | Ψ(t)〉 = 〈Φ(t′) | Gˇ(t′) | Ψ(t′)〉 . ,
〈Φ(t) | eiGˇ(t)v | Ψ(t)〉 = 〈Φ(t′) | eiGˇ(t′)v | Ψ(t′)〉 (∀v ∈ R) (5.19)
.
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, H(qˇ, pˇ, Qˇ, Pˇ , t) Galilei ,
,
∂H
∂t
= 0 (5.20)
[H(t), Pˇ ] = 0 (5.21)
. H(qˇ, pˇ, Qˇ, Pˇ , t) .
, Galilei . , Gˇ(t)
, (5.17) ,
(M +m)[H, Qˇ] + iPˇ = t[H, Pˇ ] (5.22)
, ∂H/∂t = 0 (M +m)[H, Qˇ] + iPˇ = 0 [H, Pˇ ] = 0 .
, , (M +m)∂H/∂Pˇ − Pˇ = 0 . , f
H =
Pˇ 2
2(M +m)
+ f(qˇ, pˇ, Qˇ) (5.23)
, ∂H/∂Qˇ = 0 ,
HE,G =
Pˇ 2
2(M +m)
+ f(qˇ, pˇ) (5.24)
.
. , , Galilei , E,P,G
, , Galilei HE,P,−G
. Galilei
HE,G → HE,P,G .
HE,P,−G . ∂H/∂t = 0 [H, Pˇ ] = 0 (M +m)[H, Qˇ] + iPˇ 6= t[H, Pˇ ]
(M +m)[H, Qˇ] + iPˇ 6= 0 . (M +m)∂H/∂Pˇ − Pˇ 6= 0
∂H/∂Qˇ = 0 ,
HE,P,−G =
Pˇ 2
2(M +m)
+ g(Pˇ , qˇ, pˇ) (5.25)
. g ∂H/∂Pˇ 6= 0 .
H−E,P,G , [H(t), Pˇ ] = 0 (M +m)[H(t), Qˇ] + iPˇ = 0, , ∂H(t)/∂Qˇ = 0
(M +m)∂H(t)/∂Pˇ − Pˇ = 0 , h t .
H−E,P,G =
Pˇ 2
2(M +m)
+ h(qˇ, pˇ, t) (5.26)
,
HE,−P,−G =
Pˇ 2
2(M +m)
+ F1(Qˇ, qˇ, pˇ) (5.27)
H−E,−P,G =
Pˇ 2
2(M +m)
+ F2
(
(M +m)Qˇ− Pˇ t, qˇ, pˇ, t) (5.28)
H−E,P,−G =
Pˇ 2
2(M +m)
+ F3(Pˇ , qˇ, pˇ, t) (5.29)
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5.3: Galilei , , . HG
HE HP
. F1, F2, F3 . H−E,−P,G
. (5.22) ,
∂HG/∂t = 0 , Gˇ = (M +m)Qˇ− Pˇ t , F2
(
Gˇ, qˇ, pˇ, t
)
,
−Pˇ · ∂F2
(
Gˇ, qˇ, pˇ, t
)
∂Gˇ
+
∂F2
(
Gˇ, qˇ, pˇ, t
)
∂t
= 0 (5.30)
, Pˇ , Qˇ, t Gˇ, Pˇ , t F2 Pˇ
,
∂F2
(
Gˇ, qˇ, pˇ, t
)
∂Gˇ
= 0 (5.31)
∂F2
(
Gˇ, qˇ, pˇ, t
)
∂t
= 0 (5.32)
. F2 = F2
(
qˇ, pˇ
)
(5.24) .
, 5.3 .
, Galilei
, , .
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, , Galilei ,
: H−P → H−E ∨H−G
5.3 , Galilei
, (Λ) Galilei , .
HE,P,−G (5.25) Λ . (5.25) g(Pˇ , qˇ, pˇ)
P . ,
. Λ 2J
, f(Pˇ , qˇ, pˇ) f(Pˇ , qˇ, pˇ) = f1(Pˇ ) + f2(qˇ, pˇ) . Galilei
(5.24) , f1(Pˇ ) . (5.1)
. (5.1) Pˇ J
U |Pˇ , J, τ〉 = g|Pˇ ′, α− β, ρ〉 (5.33)
, Pˇ = Pˇ ′ . Pˇ
, (5.7) . ,
t U0 = exp{−it[ Pˇ 22(m+M) + f1(Pˇ )]} , Galilei
, f1(Pˇ ) . U0 Gˇ(0) = U
†
0 Gˇ(t)U0
. , Λ Galilei
exp{−it[ Pˇ 22(m+M) ]} .
Galilei Λ . Λ HE,P,−G
, , Galilei
.
, .
Λ .
, Λ Galilei .
, Galilei
. , , Galilei
, (H−E,P,G).
, Busch , Galilei
. ,
. .
, ,
, . , :HE,P,G ∨H−E,P,G.
, Galilei :H−E,−P,G.
Galilei , . Galilei Gˇ = (M +m)Qˇ− Pˇ t
, , .
. .
Gˇσ = (M +m)Qˇ− Pˇ (t− σ) (5.34)
σ, ρ ,
[Gˇσ, Gˇρ] = i(M +m)(ρ− σ) (5.35)
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, t . σ, ρ
Gˇ . Gˇσ = Gˇ0 + Pˇ σ ,
[Gˇσ(t),H(t)] + i
∂Gˇσ(t)
∂t
= 0, (5.36)
, Gˇ0(t) ,
σ[Pˇ ,H(t)] = 0 (5.37)
, , Gˇσ .
HE,P,G ∨H−E,P,G .
Gˇσ Gˇρ . σ . H−E,−P,G
σ Galilei Gˇσ .
5.3 Busch Galilei
Busch ( Busch ) , ,
.
, {p, P} , −∞ ∞ ,
. H1 = H2 = L2(R), H = H1⊗H2, H+1 = L2(0, ∞) H−1 = L2(−∞, 0)
. η0(∈ H2) supp(η0) ⊆ [−a, a], a , Ψ±(∈ H)
supp(Ψ±) ⊆ D±, D+ = R× [a,∞), D− = R× (−∞,−a] . U H
,
∀ψ± ∈ H1±, ∃Ψ± ∈ H, U(ψ± ⊗ η0) = Ψ± (5.38)
. , .
(i) {p, P} , , .
ψ(p) {p} , η0(P ) {P} . Ψ±(p, P )
,
Ψ+(p, P ) Ψ−(p, P ) p-P .
(ii) U ψ± (p = 0)
ψ∓ . , Ψ+(p, P ) P , P ≥ a
.
(iii) Ψ±(p, P ) P 2a
, 0 . Ψ±(p, P ) .
(iv) η0(P ) Ψ±(p, P ) Ψ±(p, P )
Λ .
, Galilei .
(1). {p, P}
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(5.38) Schro¨dinger ,
U(t) , U(0) = I t = τ U(τ)(ψ±⊗ η0) = Ψ± . Galilei
(5.19) (5.38)
∀v ∈ R, (ψ− ⊗ η0, eiGˇσ(0)vψ+ ⊗ η0) = (Ψ−, eiGˇσ(τ)vΨ+) (5.39)
(5.39) ∫
dpψ∗−(p)e
imqv−ipv(−σ)ψ+(p)
∫
dPη∗0(P )e
iMQv−iPv(−σ)η0(P ) (5.40)
, Hausdorff : [[A,B], A] = [[A,B], B] = 0 ,
eA+B = e−
1
2 [A,B]eAeB (5.41)
,
e−i
1
2 (M+m)v
2σ
∫
dpeipvσψ∗−(p)ψ+(p−mv)
∫
dPeiPvση∗0(P )η0(P −Mv) (5.42)
(5.39) ∫ ∫
dpdPΨ∗−(p, P )e
i(mq+MQ−(p+P )(τ−σ))vΨ+(p, P ) (5.43)
Hausdorff ,
ei
1
2 (m+M)v
2(τ−σ)
∫ ∫
dpdPe−i(p+P )(τ−σ)vΨ∗−(p, P )Ψ+(p−mv,P −Mv) (5.44)
. , ∀σ ∈ R, ∃v ∈ R, 0 < (−Mv) < 2a,∃ψ+ ∈ H+1 ,∃ψ− ∈ H−1 ,∫
dpeipvσψ∗−(p)ψ+(p−mv) 6= 0 (5.45)
∫
dPeiPvση∗0(P )η0(P −Mv) 6= 0 (5.46)
. , Ψ± supp(Ψ±) ⊆ D±, D+ = R × [a,∞), D− = R × (−∞,−a] ,
0 < (−Mv) < 2a ∫ ∫
dpdPe−i(p+P )(τ−σ)vΨ∗−(p, P )Ψ+(p−mv,P −Mv) = 0 (5.47)
, . η0 ∆η0 ∆η0 < 2a ,
0 < (−Mv) < 2a 0 < (−Mv) < ∆η0 . Ψ± supp(Ψ±) ⊆ D∓
v .
σ . Gˇσ σ
, HE,P,G,H−E,P,G,H−E,−P,G .
(2). {p,Q}
{P} {Q} . η0(P ),
Ψ±(p, P ) , η0(Q) Ψ±(p,Q) . (5.39)
e−i
1
2 (M+m)v
2σ
∫
dpeipvσψ∗−(p)ψ+(p−mv)
∫
dQeiMvQη∗0(Q)η0(Q+ σv) (5.48)
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,e−i
1
2 (M+m)v
2(τ−σ)
∫ ∫
dpdQe−ip(τ−σ)v+iMQvΨ∗−(p,Q)Ψ+
(
p−mv,Q− (τ − σ)v) (5.49)
. , σ = 0 . τ , 0 ,
0 < −(τv) < 2a , 0 v ψ−(p) ψ+(p)
. (1) Ψ± . HE,P,G,H−E,P,G
, H−E,−P,G , σ , 0 0
0 <| −(τ − σ)v |< 2a, | σv |< ∆η0(Q)
, v ψ−(p) ψ+(p) .
5.4 Galilei
, ,
Galilei , .
. {p,Q} {p, P}
HE,P,G , 2 (5.24) .
{p,Q}
(5.24) f , κpˇ2 (κ
H =
Pˇ 2
2(M +m)
+
pˇ2
2µ
+ κpˇ2 (5.50)
H =
p2
2m
+
P 2
2M
+ κ(
mM
m+M
)2(
p
m
− P
M
)2 (5.51)
. 1m ,
1
M ¿ κ
U = e−iκµ
2( p
2
m2
+ P
2
M2
)τ+i2 κµ
2
mM pPτ (5.52)
.
(5.38) supp(Ψ±) = D∓ .
p ² > 0 , ψ+ ⊗ η0
ψ+ 〈p | ψ+〉 = 1√2∆χ[²−∆,²+∆] χ 0 < ∆¿ ² . U
Uψ+ ⊗ η0 ≈ e−iκτµ
2 p2
m2 ψ+ ⊗ e−iκτµ
2 P2
M2 ei
κτµ2
mM ²P η0 (5.53)
. 〈Q | η0〉 = η0(Q) 〈Q | eiκτµ
2
mM ²P η0〉 η0(Q+ κτµ
2
mM ²) ,
κτµ2
mM ² > a
, e−iκτµ
2 P2
M2 ≈ I , (5.53) (5.38) . , e−iκτµ2 P
2
M2
. e−iκτµ
2 P2
M2 ,
. M
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∆0Q , t Gauss ∆tQ = ∆0Q
√
1 + t2
M2∆0Q4
[52].
t ∆tQ→ tM∆0Q . t
2κµ2τ
M
. , ²
.
−a > −κτµ
2
mM
²+
2κµ2τ
M2∆0Q
(5.54)
. , ∆0Q = a ²
² >
2m
M∆0Q
+
mM
κτµ2
∆0Q (5.55)
.
∆0Q κτ → ∞ ² > 2mM∆0Q . κτ , ²
∆0Q = µM
√
2κτ 4mM∆0Q .
2 {p, P}
. , Λ ,
, . m
HS = P 2/2m, M HA = P 2/2M + σE,
P , Λ σ τ = ±1 , E .
.
U | p, P, τ〉 = f(p, P, τ) | α, β, ρ〉 (5.56)
f . U0(t) = e
−i Pˇ22(m+M) t , U(t) = U0(t)U1(t) , U1(t) (5.2)
(5.6) . J = p/m− P/M,µ = mM/(m+M) ,
(I’) J > 0, τ = +1 ,
α(p, P,+1) =
µ
M
(p+ P )− µ
√
J2 +
4E
µ
,
β(p, P,+1) =
µ
m
(p+ P ) + µ
√
J2 +
4E
µ
, (5.57)
ρ(p, P,+1) = −1
(II’) J < 0, τ = +1 ,
α(p, P,+1) =
µ
M
(p+ P ) + µ
√
J2 +
4E
µ
,
β(p, P,+1) =
µ
m
(p+ P )− µ
√
J2 +
4E
µ
, (5.58)
ρ(p, P,+1) = −1
(III’) J > 2
√
E
µ , τ = −1 ,
α(p, P,−1) = µ
M
(p+ P )− µ
√
J2 − 4E
µ
,
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β(p, P,−1) = µ
m
(p+ P ) + µ
√
J2 − 4E
µ
, (5.59)
ρ(p, P,−1) = +1
(IV’) −2
√
E
µ < J < 2
√
E
µ , τ = −1 ,
α(p, P,−1) = p,
β(p, P,−1) = P, (5.60)
ρ(p, P,−1) = −1
(V’) J < −2
√
E
µ , τ = −1 ,
α(p, P,−1) = µ
M
(p+ P ) + µ
√
J2 − 4E
µ
,
β(p, P,−1) = µ
m
(p+ P )− µ
√
J2 − 4E
µ
, (5.61)
ρ(p, P,−1) = +1
, Galilei .
, p-P α-β , 5.4
(a) p/m− P/M = 0→ α = mM β + 2(1 + mM )
√
µE
(b) p = 0, P > 0→ (M −m)α2 − 2mαβ − 4MmE = 0
( α > 2
√
µE, β > −2√µE)
(c) P = 0, p < 0→ (M −m)β2 − 2Mαβ − 4MmE = 0
α < 2
√
µE, β < −2√µE
. Ω Ω′ .
5.1, 5.2 m = 1/2,M = 1/2 , (a), (b), (c)
.
(a’) p− P = 0→ α = β + 2√E
(b’) p = 0, P > 0→ αβ = −E (−√E < β < 0)
(c’) P = 0, p < 0→ αβ = −E (β < −√E)
, 5.4 , P = 0, p < 0 , ψ− ⊗ η0 〈P | η0〉 = δ(P )
, . ,
Busch , 2
√
µE Busch a
.
η0 P ∆η ∆η ≤ 2
√
µE . Ω0 p-P {(p, P ) | 0 < p/m <
P/M, 0 < P < ∆η} . . ,
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5.4: (5.56) O,Ω, φ− O′,Ω′,Φ−
. ξ .
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ω , ω˜ β p
ω . Ω (⊂ Ω0)
. p β ,
. Ω p ξ . p
, p , ξ
. , ,
. (5.57), (5.58) . Ω M ≥ m
,
ξ = µ
∆η
M
+
m
M
(
2
√
µE −
√
µ2(
∆η
M
)2 + 4µE
)
(5.62)
1.
E →∞ , m¿M ξ → µ∆η/M . m =M Λ
∆η = 2
√
µE ξ ∼ 0.5√2mE .
5.5 ,
, . ,
. Busch
, .
. {q,Q} ,
Hint = κ(p+ P )(q −Q) = κPˇ qˇ (5.63)
. {q,Q} Pq , (5.63)
. ψ+(q)⊗ η0(Q) , supp(ψ+) ⊂ [0,∞), supp(η0) ⊂ [−a, a] .
q,Q qˇ, Qˇ
ψ+(q)⊗ η0(Q) = ψ+(Qˇ+ M
m+M
qˇ)⊗ η0(Qˇ− m
m+M
qˇ) = Φ+(Qˇ, qˇ)
. exp[−iκτPˇ qˇ] ,
e−iκτPˇ qˇΦ+(Qˇ, qˇ) = Φ+(Qˇ− κτ qˇ, qˇ) ≡ Φ+(τ) (5.64)
,
Φ+(τ) = ψ+((1− κτ)q + κτQ)⊗ η0((1 + κτ)Q− κτq) (5.65)
. q - Q
q′ = (1− κτ)q + κτQ, Q′ = −κτq + (1 + κτ)Q
, 5.5 .
, ² a .
1 , M ≥ m , .
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5.5: (5.64) p-P . ξ a
.
5.5(κτ = 1) q > 0 Q′ Q′ < 0 ,
Busch Ψ+ . a ,
(2a, a) Q′ ² , a = ²/2 . ,
a ² ,
Busch . Busch . ,
a ² , Busch
, .
Ozawa .
Busch , a .
Hint = κPˇ (qˇ + λ
qˇ
| qˇ | ) (5.66)
. λ .
Φ+(τ) = ψ+((1− κτ)q + κτQ− κλτ q −Q| q −Q | )⊗ η0((1 + κτ)Q− κτq − κλτ
q −Q
| q −Q | ) (5.67)
, , κτ = 1, λ = 3 q-Q 5.6 ( → ).
a = 2 . Q λ
, a .
. , ∆Q→ 0 ,
∆Q .
{q, P} . H = κqˇ2 = κ(q − Q)2
. [qˇ2, Pˇ ] = 0 . ψ+(q) = δ(q − ζ) ,
ψ+(q)⊗ η0(P )
U(τ)ψ+ ⊗ η0 = e−iκτζ2ψ+ ⊗ e−iκτQ2e2iκτζQη0 (5.68)
, (5.53) . e2iκτζQη0 η0(P −2κτζ) ,
e−iκτQ
2
, Q,P , 12κ
. (5.54) a < κτζ−κτ/∆η
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5.6: (5.66) .
a λ ,
. L (q = Q) .
, , ζ
ζ >
a
κτ
+
1
∆η
(5.69)
. Gauss , a κτ →∞,∆η →∞
.
, {q,Q}, {q, P} ,
Galilei ,
{p,Q}, {p, P} . .
, Busch
{q,Q} , ζ > 1∆P , a a > ∆Q .
{q, P} , ζ > aκτ + 1∆P
Galilei , Busch
{p,Q} , ζ > aκτ (m+M)
2
mM +
m
M∆Q
{p, P} ,
ζ >
µ
M∆Q
+
m
M
(
a−
√
µ2(
∆P
M2
)2 + a2
)
, a = 2
√
µE, µ =
mM
m+M
.
.
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, ,
. .
κτ .
, .
κτ . ,
0 .
.
M,∆Q κτ . M∆Q
, κτ . M À m ζ > aκτ Mm + mM∆Q ,
M∆Q κτ κτ À Mm .
, M À m ∆Q→ 0 , ∆Q
, M →∞ .
, ,
.
Yanase .
, , . ,
.
.
.
Busch ,
, Wigner Araki, Yanase ε .
H1 = H2 = L2(R), H = H1 ⊗ H2, H+1 = L2(0, ∞) H−1 = L2(−∞, 0) . η0(∈ H2)
supp(η0) ⊆ [−a, a], a , Ψ±(∈ H) supp(Ψ±) ⊆ D±, D+ =
R× [a,∞), D− = R× (−∞,−a] . ε± ∈ H, supp(ε±) ⊂ D∓
, U H ,
∀ψ± ∈ H1±, ∃Ψ± ∈ H, ∃ε± ∈ H, U(ψ± ⊗ η0) = Ψ± + ε± (5.70)
. ε± supp(ε±) ⊂ D∓ ψ± , P
, . ε±
. , Wigner ,
. , , ,
0 . ε± .
ε± . {q,Q} . 4 ,
(4.9) eibPˇ (ψ+⊗ η0) ψ−⊗ η0 (5.70) , [U, eibPˇ ] = 0
(ψb+, ψ−)(η
b
0, η0) =
(
eibPˇ (Ψ+ + ε+),Ψ− + ε−
)
= (Ψb+ + ε
b
+,Ψ− + ε−
)
= (Ψb+,Ψ−
)
+ (εb+,Ψ−) + (Ψ
b
+, ε−) + (ε
b
+, ε−)
, a .
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5.7: ε+ Ψ+ , (5.72), (5.73) ζ
∆η .
b (Ψb+,Ψ−) = 0, (εb+, ε−) = 0 . b = 0 (ψb+, ψ−)(ηb0, η0) = 0
, (ε+,Ψ−) + (Ψ+, ε−) = 0 . (εb+,Ψ−) = (Ψb+, ε−) ,
(ε+,Ψ−) = 0, (Ψ+, ε−) = 0 . , ε+ Ψ− Ψ+ ε−
. .
(ψb+, ψ−)(η
b
0, η0) = 2(ε
b
+,Ψ−) (5.71)
∫
ψ+
∗(q + b)ψ−(q)dq
∫
η0
∗(Q+ b)η0(Q)dQ (5.72)
2
∫ ∫
ε+
∗(q + b,Q+ b)Ψ−(q,Q)dqdQ (5.73)
, 0 b 0 < b <∞ 2 0 < b < ∆η
. 0 0 < b < ∆η . q-Q ε+ Ψ−
, 5.7 ε+ Ψ− .
.
ε+ (5.72) ψ+(q) ψ+(q − ζ), ζ < ∆η 0
b ζ < b < ∆η , 5.7 . ε+
q Q ∆η . ζ ∆η
∆Q .
{q, P} . (5.71)∫
ψ+
∗(q + b)ψ−(q)dq
∫
e−iPb| η0(P ) |2dP (5.74)
,
2
∫ ∫
e−iPbε+∗(q + b, P )Ψ−(q, P )dqdP (5.75)
. 2 | η0(P ) |2 Fourier . 0 < b <∞
0 . η0 Gauss . | η0(P ) |2
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5.8: (5.77), (5.78) ε+ Ψ− , ζ ∆η
m
M∆η .
Fourier Gauss , b ∆P−1 .
q-Q ε+ q ∆P−1 Ψ−
. ζ ∆P−1 ∆Q
.
, ),
, , (5.71) 0
, .
Galilei , .
3 {p, P} , (5.39) . ε+ ,
∀v ∈ R, (ψ− ⊗ η0, eiGˇσ(0)vψ+ ⊗ η0) = (Ψ−, eiGˇσ(τ)vε+) (5.76)
,
e−i
1
2 (M+m)v
2σ
∫
dpeipvσψ∗−(p)ψ+(p−mv)
∫
dPeiPvση∗0(P )η0(P −Mv) (5.77)
,
ei
1
2 (m+M)v
2(τ−σ)
∫ ∫
dpdPe−i(p+P )(τ−σ)vΨ∗−(p, P )ε+(p−mv,P −Mv) (5.78)
. 0 v −∆ηM < v < 0 . ε+ 5.8
Ψ− .
ψ+(p) ψ+(p− mM η) 0 ε+ , ζ mM η
. σ .
4 {p,Q} , (5.76) ,
ei
1
2 (M−m)v2σ
∫
dpeipvσψ∗−(p)ψ+(p−mv)
∫
dQeiMvQη∗0(Q)η0(Q+ σv) (5.79)
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e−i
1
2 (M−m)v2(τ−σ)
∫ ∫
dpdQe−ip(τ−σ)v+iMQvΨ∗−(p,Q)ε+
(
p−mv,Q− (τ − σ)v) (5.80)
, η0 Gauss
η0(Q) =
(
2/pi(∆η)2
) 1
4 exp[
−Q2
(∆η)2
]
. η∗0(Q)η0(Q+ σv)
(∆η)−1e−
σ2v2
2∆η2 e
− 2
∆η2
(Q+σv2 )
2
(5.81)
. Fourier
∫
dQeiMvQη∗0(Q)η0(Q + σv) M−1∆η−1 , σv > ∆η
. . σ = 0 , Fourier
Ψ∗−(p,Q)ε+
(
p−mv,Q− (τ − σ)v) . , v
, 0 , 0 .
∫
dQeiMvQη∗0(Q)η0(Q+ σv)
0 v 0 < −Mv < (∆η)−1 , ε+ p-Q , p mM∆η , Q τM∆η
Ψ−(p,Q) . σ 0 v
0 <| v |< ∆ησ , ε+ p-Q , p m∆ησ , Q (τ − σ)∆ησ
Ψ−(p,Q) . , σ
. σ = 0 mM∆η , ζ =
m
M∆Q .
Yanase
, Galilei . , Yanase
ε M2 ε > 18M2 .
, ζ > 1∆P , Galilei
, ζ > mM∆Q . ∆P , M∆Q
Galilei . Yanase
.
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6 Ozawa WAY
1. Ozawa ( )
2. Ozawa
3. WAY
4. Kakazu-Pascazio
, [17] K. Kakazu, S. Kudaka and S. Pascazio, Phys. Lett. A 173, 92 (1993)
. Kakazu-Pascazio (6.4 ) , Kakazu Pascazio
[53].
Busch Wigner-Araki-Yanase(WAY)
. Busch ,
5 .
, 4 1 Ozawa
. WAY ,
, . Busch
. Ozawa
, [16].
,
. Ozawa , WAY
[17], [53]. . (1)
, (2) ,
, Ozawa , .
(2) WAY . ,
,
.
, .
6.1 Ozawa ( )
2 (i) ,
(ii) , 2 . Ozawa ,
94
, , .
. Ozawa 1 I Hilbert H1 , II Hilbert H2
. [0, τ ] , H1 ⊗H2 U
. A , B
. Ozawa Heisenberg
. H2 N
A(τ) = U†(A⊗ I)U = A⊗ I (6.1)
B(τ) = U†(I ⊗B)U = A⊗ I + I ⊗N (6.2)
. A(0) = A⊗ I,B(0) = I ⊗B .
L = L1 ⊗ I + I ⊗ L2 (6.3)
, ,
[L,U ] = 0 (6.4)
. , WAY .
(6.1)∼ (6.4) U ,
[A,L1] = 0 (6.5)
A L1 . . Araki Yanase ,
Ozawa , A B, L1
. Ozawa | ξ〉 ‖ N | ξ〉 ‖< ε
, A,B L1 , .
, Ozawa , WAY
, . (6.1) (6.2) , A, B N
, N von Neumann
. | m〉 A , | ξi〉 B .
A | m〉 = am | m〉, B | ξi〉 = bi | ξi〉 . . (6.1) (A⊗ I)U
〈m⊗ ξ | (A⊗ I)U | n⊗ ξ′〉 = am〈m⊗ ξ | U | n⊗ ξ′〉 = an〈m⊗ ξ | U | n⊗ ξ′〉 (6.6)
. | ξ〉 | ξ′〉 . 〈m ⊗ ξ | U | n⊗ ξ′〉 ∝ δmn
. (I ⊗B)U
〈m⊗ ξi | (I ⊗B)U | n⊗ η〉 = bi〈m⊗ ξi | U | n⊗ η〉 = (an + η)〈m⊗ ξi | U | n⊗ η〉 (6.7)
. | η〉 N (N | η〉 = η | η〉).
(bi − an − η)〈m⊗ ξi | U | n⊗ η〉 = 0 (6.8)
1 Ozawa , , .
.
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. bi 6= an + η 〈m⊗ ξi | U | n⊗ η〉 = 0 . bs (B | ξs〉 = bs | ξs〉)
, 〈n⊗ ξs | U | n⊗ η〉 6= 0 η bs = an + η .
U | n⊗ η〉 =
∑
i
| m⊗ ξi〉〈m⊗ ξi | U | n⊗ η〉
=
∑
i
| n⊗ ξi〉〈n⊗ ξi | U | n⊗ η〉
= | n⊗ ξs〉〈n⊗ ξs | U | n⊗ η〉
〈n⊗ ξs | U | n⊗ η〉 = exp[iθ(n, η)]
. θ(n, η) ∈ R . | ξs〉 =| ξ(n, η)〉
U | n⊗ η〉 = exp[iθ(n, η)] | n⊗ ξ(n, η)〉 (6.9)
, . (6.1),(6.2) von Neumann
.
Ozawa ,
. (6.2) B(τ) , ψ ∈ H1 ξ
〈ψ ⊗ ξ | B(τ) | ψ ⊗ ξ〉 = 〈ψ | A | ψ〉〈ξ | ξ〉+ 〈ψ | ψ〉〈ξ | N | ξ〉 (6.10)
, ξ . , N | ξ〉 = c | ξ〉 (c 6= 0)
, B = B(0) B → B − cI , (6.2) B(τ) = A⊗ I + I ⊗N − I ⊗ cI .
I ⊗N − I ⊗ cI = I ⊗N ′ , N ′ | ξ〉 = 0 . N | ξ〉 = 0
.
〈ψ ⊗ ξ | B(τ)n | ψ ⊗ ξ〉 = 〈ψ | An | ψ〉〈ξ | ξ〉n (6.11)
, B(τ) A . ξ
. A(τ) B(τ)
. ξ² H2 , ²
〈ψ ⊗ ξ² | exp[i(µA(τ) + µ′B(τ)] | ψ ⊗ ξ²〉
=
∫
exp[i(µa+ µ′b)] | ψ(a) |2 δ(a− b)dadb〈ξ² | exp(iµ′N) | ξ²〉 (6.12)
p(a, b)dadb =| ψ(a) |2 δ(a− b)dadb〈ξ² | exp(iµ′N) | ξ²〉 (6.13)
[40]. ,
, ξ² ² , ²→ 0,
〈ξ² | exp(iµ′N) | ξ²〉 → 1 (6.14)
.
(6.1), (6.2), (6.14) .
ξ² , ² = 0
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, , ,
. , ² .
, (6.1) . Ozawa
. Ozawa
, Kakazu Pascazio Ozawa (EOP)
, OP .
6.2 Ozawa
WAY ,
Ozawa . Ozawa , 4
Schro¨dinger , Heisenberg .
Busch .
(1)
, 1 x , 1
y, z, w py, pz, pw . (6.1), (6.2) , A = x,B = pz − pw
.
H =
1
2
g(x− y)(w − z) (6.15)
, U = exp(−iHτ) . gτ = 1 .
L1 = px, L2 = py + pz + pw [H,L] = [H,L1 + L2] = 0 . ,
A(τ) = x (6.16)
B(τ) = x− y + pz − pw (6.17)
, N = −y + pz − pw (6.1), (6.2) .
WAY , [A,L1] = 0 , [x, px] = i 6= 0
. . , L1, L2, N ,
. (6.14),
. (6.14) | ξ²〉 .
〈y′ ⊗ p′z ⊗ p′w | ξ²〉 =
( 2
pi²
)3/4
exp
(− 1
²
(y′2 + p′2z + p
′2
w)
)
(6.18)
² 0 . ² → 0
. , 0
, . WAY
, .
WAY von Neumann
. 2 ,
(2)
2 x, y px, py , 2
X,Y PX , PY . A = x,B = X,
97
H = g(xPX + yPY ) (6.19)
. U = exp(−iHτ) gτ = 1 . L1 = xpy − ypx, L2 = XPY − Y PX
[H,L1 + L2] = 0 .
A(τ) = x (6.20)
B(τ) = x+X (6.21)
N = X = B (6.22)
(6.1), (6.2) . ,
[A,L1] = [x, xpy − ypx] = −i 6= 0 (6.23)
, WAY . L1, L2 N
, N .
, WAY ,
L1, L2 N , N , A L1
, . . .
(3)
, ~r, ~p , ~l,
, , , ~R, ~P , ~L . A = l2,
B = X . .
H = gl2PX (6.24)
U = exp(−iHτ) , gτ = 1 . x .
L1 = lx, L2 = LX [H,L1 + L2] = 0 .
A(τ) = l2 (6.25)
B(τ) = l2 +X (6.26)
N = X = B (6.1), (6.2) ,
[A,L1] = [l2, lx] = 0 (6.27)
, L1, L2, N N ,
. , N = X (2), (3) , (6.14)
〈X ′ | ξ²〉 =
( 2
pi²
)1/4
exp
(−1
²
X ′2
)
(6.28)
.
,
. (6.18), (6.28) Gauss , (6.14)
² → 0 .
, .
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6.3 WAY
Ozawa WAY
. (6.1)∼(6.4) , [A,L1] = 0 , .
. , .
[17].
(OP WAY )
ξ0, ξ² ∈ H2 , (6.1)∼(6.4) , L1 ²→ 0
‖ N | ξ²〉 ‖→ 0 L2 ² → 0 ‖ N | ξ²〉 ‖→ 0 N
ξ0 , [A,L1] = 0 .
Ozawa .
: A ≡ A(0), A(τ), L1 ∈ H1 B ≡ B(0), N, L2 ∈ H2 (6.1)∼(6.3)
, [A,L1] = [A,U†L1U ] = U†[A,L1]U = [B(τ) − N,U†L1U ] = U†[B,L1]U −
[N,U†L1U ] = [U†L1U,N ] = [L2 − U†L2U,N ] . ψ ∈ H1
, {ξ²} H2 lim²→0 ‖ N | ξ²〉 ‖= 0 .
[A,L1] = [U†L1U,N ] (6.29)
Schwarz
| 〈ψ | [A,L1] | ψ〉 | 〈ξ² | ξ²〉 = | 〈ψ, ξ² | [A,L1] | ψ, ξ²〉 |
= | 〈ψ, ξ² | [U†L1U,N ] | ψ, ξ²〉 |
≤ 2 ‖ N | ψ, ξ²〉 ‖ · ‖ U†L1U ‖
= 2 ‖ N | ξ²〉 ‖ · ‖ L1 ‖
,
0 = lim
²→0
2 ‖ N | ξ²〉 ‖ · ‖ L1 ‖≥ lim
²→0
| 〈ψ | [A,L1] | ψ〉〈ξ² | ξ²〉 | (6.30)
,
[A,L1] = [L2 − U†L2U,N ] (6.31)
0 = lim
²→0
4 ‖ N | ξ²〉 ‖ · ‖ L2 ‖≥ lim
²→0
| 〈ψ | [A,L1] | ψ〉〈ξ² | ξ²〉 | (6.32)
, ψ [A,L1] = 0 . N ξ0 n0
(6.29) [A,L1]〈ξ0 | ξ0〉 = 〈ξ0 | [U†L1U,N ] | ξ0〉 = 〈ξ0 | [U†L1U,N − n0] | ξ0〉 = 0 ,
.
ξ² ∈ H2 (6.18), (6.28) Gauss .
(6.14) , n = 1, 2, 3, . . . lim²→0 ‖ Nn | ξ²〉 ‖= 0, ξ²
N 0 . N
ξ² . , (6.1), (6.2) (6.14) N
, Araki-Yanase , ,
A,B N (6.9) .
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, OP [L1, A] 6= 0 , (i) L1
²→ 0 ‖ N | ξ²〉 ‖→ 0 , (ii) L2 ²→ 0 ‖ N | ξ²〉 ‖→ 0
(iii) N ξ0 , . ,
. .
, OP ,
, OP .
, OP .
H1 A,L1 (6.1), (6.2)
H2 . WAY
). Ozawa , Kakazu Pascazio
, [A,L1] = 0 , .
6.4 Kakazu-Pascazio
Ozawa , [A,L1] = 0
. Kakazu Pascazio , Ozawa
WAY [53]. [A,L1] = 0
Ozawa B L2
. Ozawa (6.1), (6.2) τ
t .
A(t) = U†(t)(A⊗ I)U(t) = A⊗ I (6.33)
B(t) = U†(t)(I ⊗B)U(t) = KtA⊗ I + I ⊗N(t) (6.34)
K , A(0) ≡ A⊗ I, B(0) ≡ I ⊗B . A,B H1 ⊗H2
. N(t) , , ∀µ ∈ R
lim
ε→0
〈ξ² | exp(iµN(t)) | ξ²〉 → 1 (6.35)
H2 {| ξε〉} .
Ozawa (EOP) . L = L1 ⊗ I + I ⊗ L2
, [L,U(t)] = 0 .
, EOP WAY ,
, . L1A ≡ [L,A] ,
LnA ≡ [L, [L, ...[L,A] . . .] (6.36)
. n = 1, 2, 3... .
LnA = [L1, [L1, ...[L1, A] . . .]⊗ I ≡ Ln1A⊗ I (6.37)
. (6.34) n = 1, 2, 3 . . . ,
[LnA,A] = [Ln1A,A]⊗ I = 0 (6.38)
100
. [L,A] = 0 LnA , [L,A] 6= 0 A ,
, LnA . L1 ⊗ I
[L1, A] = 0 .
(6.33), (6.34) U(t) , (1) L1⊗ I [L1, A] = 0
, (2) L , [Ln1A,A] = 0 L
nA = Ln1A ⊗ I
.
. von Neumann (2.2 ).
A ≡ x,B ≡ X,H = Kx ⊗ P , x, p , X,P
. EOP
A(t) = x⊗ I (6.39)
B(t) = Ktx⊗ I + I ⊗X = KtA⊗ I + I ⊗N(t) (6.40)
, N(t) = B = X . L1 = p , [L1, A] 6= 0 (1)
, L1 . H x .
EOP , B ( A
) A , H A , A
. L1 A . 6.2 (3) .
(3) A = l2, B = X . EOP A(t) = l2⊗ I, B(t) = gtl2⊗ I+ I⊗X = gtA⊗ I+ I⊗N(t),
L1 ~l , lx , [lx, gl2PX ] = 0 , [Lx, A] = 0 .
[L1, A] 6= 0 EOP L1 , L1 , [L1, A] 6= 0
A EOP .
WAY [L1, A] = 0 , L1
. EOP L1
. , L1⊗ I + I ⊗L2
, L1 . [L1, A] = 0
.
WAY .
H H1 Fn H2 Gn
H =
N∑
n=1
Fn ⊗Gn (6.41)
. Fn, Gn .
.
H = A⊗ Γ + I ⊗D +
N2∑
n=1
F˜n ⊗ G˜n +
N3∑
n=1
E˜n ⊗ D˜n (6.42)
N2 +N3 + 2 = N , .
[B,Γ] = iK~I, [B,D] 6= 0, [L1, F˜n] 6= 0 [B, G˜n] = [L1, E˜n] = [B, D˜n] = 0
. 0 .
.
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(6.33), (6.34) , (6.41) H , (6.42) , (1) H A
,
[B,Γ] = iK~I (6.43)
Γ 6= 0 . (2) Γ = 0 A = aI . A c-
, A⊗ Γ . (3) Γ 6= 0 I ⊗N(t)
I ⊗ dN(t)
dt
=
i
~
[U†(t)(I ⊗D)U(t), I ⊗N(t)] (6.44)
, N(t) = B D = 0 .
[L1 ⊗ I + I ⊗L2, U ] = 0 .
. (6.42) .
H =
∑
n
Cn ⊗Kn +
∑
n
C˜n ⊗ K˜n (6.45)
Cn H , . (6.42)
Cn . (6.42) , C1 = A,C2 = I,K1 = Γ,K2 = D
, C3, C4, ...
, C˜n (6.45)
.
[L1 ⊗ I + I ⊗ L2, U ] = 0 , (6.41)
EOP , s
eisL1Ae−isL1 =
∑
n
cnCn (6.46)
. cn s ,
cnI =
1
iK~
[B, e−isL2KneisL2 −Dδn,2] (6.47)
.
WAY . (6.46) s s = 0
[L1, A] =
i
K~
∑
n
bnCn (6.48)
bn
bn = [B, [L2,Kn]] (6.49)
, c- . (6.48) Cn , .
WAY
(6.41) , L1 ⊗ I + I ⊗ L2 EOP ,
[L1, A] = 0 , n bn = [B, [L2,Kn]] = 0 .
102
EOP .
EOP . WAY EOP
, [L1, A] = 0 , . EOP
[L1, A] 6= 0 , EOP WAY , WAY
1 , . Kakazu-Pascazio
EOP , WAY
. , (6.49) bn = [B, [L2,Kn]],
(n = 1, 2, 3, . . .) .
, EOP
.
EOP(6.33), (6.34) . A EOP Ozawa
. EOP . EOP
L = L1 ⊗ I + I ⊗ L2, [L,U(t)] = 0 . . EOP
U(t) , U(t) = e−iHt/~
H (6.41) ,
∑N
n=1 Fn ⊗Gn . .
, (1) EOP L1⊗I , [L1⊗I,H] = 0
, [L1, A] = 0 , (2) [L1, A] 6= 0 , ,
[Ln1A,A] = 0 L
nA = Ln1A⊗ I 1 .
EOP EL , [L1, A] = 0
E0L [L1, A] 6= 0 E∗L EL = E0L ∪E∗L).
, 1 EOP ,
. EOP , ,
. L1 . , EL L1
EL1 E0L . EL1 ⊆ E0L . E0L WAY
.
EOP , (6.42) . H =
A ⊗ Γ + I ⊗D + . . . . H , EOP(Γ 6= 0)
(1) Γ [B,Γ] = iK~I , (2)N(t) D(t) = U†(t)(I ⊗D)U(t)
(6.44) , N(t) = B D = 0 , . (1) B Γ
(−∞,∞) .
Ozawa (OP) . EOP , B
, (2) D = 0
EOP , 6.3 OP WAY
. N , [L1, A] = 0
, D = 0 N ,
. D = 0 EOP Nξ0 = 0 ξ0 , WAY
.
6.3 OP WAY , [L1, A] 6= 0 E∗L
Kakazu-Pascazio . OP WAY
EOP . OP WAY
.
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OP WAY
OP [L1, A] 6= 0 , (i) L1 ²→ 0
‖ N | ξ²〉 ‖→ 0 (ii) L2 ²→ 0 ‖ N | ξ²〉 ‖→ 0 (iii) N
ξ0
EOP . EOP Γ 6= 0
. D = 0 B = N(t) , B (−∞,∞) , ²→ 0
‖ N | ξ²〉 ‖→ 0 . , (iii)
, (i) (ii) L1, L2 . D = 0
EOP L1 L2 , [L1, A] 6= 0
A . EOP
. OP WAY Kakazu-Pascazio
, .
L1 ⊗ I + I ⊗ L2 , (6.42) H = A⊗ Γ+ I ⊗D + . . .
EOP , [L1, A] 6= 0 D = 0 , L1, L2 . ,
, , D = 0 EOP
. D 6= 0 .
H = A ⊗ Γ + I ⊗D + · · · C1 = A,C2 = I,K1 = Γ,K2 = D ,
Cn H =
∑
n Cn ⊗Kn +
∑
n C˜n ⊗ K˜n ,
, exp[isL1]Aexp[−isL1] =
∑
n cnCn , E∗L
L
(n)
1 A , Cn
. H , Cn Kn c- bnI = [B, [L2,Kn]]
[L1, A] ([L1, A] = (i/K~)
∑
bnCn). .
E0L bn 0 . 0 bn EOP E∗L
. E∗L 0 bn , EOP .
0 b1 EOP E[1∗...], 0 b1, b3 EOP E[1∗3∗...], b2 0 EOP
E[∗0∗...] .
, , 6.2
(1)∼(3) EOP , E[020...], E[003...], E[000...] = E0L .
E[100...] , .
(1’)E[000...] = E0L (6.2 ( ) )
A = l2, B = X
H = gl2 ⊗ PX = A⊗ Γ = C1 ⊗K1
L1 = lx, L2 = LX
[L,H] = [L1,H] = [L2,H] = 0, [L1, A] = 0
K1 = Γ = gPX , b1I = [B, [L2,Γ]] = 0, b2 = 0, b3 = 0 . . .
EOP: A(t) = l2 ⊗ I,B(t) = gtl2 ⊗ I + I ⊗X = KtA⊗ I + I ⊗N(t)
N(t) = B,D = 0.
EL1 . 6.3 WAY
, [L1, A] = 0 , E0L
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WAY (EW ) (E0L ⊃ EW ), EL1 EW
(EL1 ∩ EW 6= EL1) .
(2’)E[100...]
2 ( x, p ), ( X,
P ) .
A = p, B = X
H = gp⊗ P = A⊗ Γ = C1 ⊗K1
L1 = −xp, L2 = XP
[L,H] = 0, [L1,H] 6= 0, [L2,H] 6= 0, [L1, A] = −i~p 6= 0
K1 = Γ = gPX , b1I = [B, [L2,Γ]] = −~2gI 6= 0, b2 = 0, b3 = 0 . . .
EOP: A(t) = p⊗ I,B(t) = gtp⊗ I + I ⊗X = KtA⊗ I + I ⊗N(t)
N(t) = B = X,D = 0.
b1 0 , [B, [L2,Γ]] c- , [B,Γ] = iK~I
, Jacobi [L2,Γ], [L2, B] Γ B
[L1, A] 6= 0 . [L2,Γ] = [XP, gP ] = −i~X = i~Γ, [L2, B] =
[XP,X] = −i~X = −i~B .
(3’)E[020...] (6. 2 (1) )
A = x, B = pz − pw
H = (g/2)x⊗ (w − z) + (g/2)I ⊗ y(z − w) = A⊗ Γ + I ⊗D = C1 ⊗K1 + C2 ⊗K2
L1 = px, L2 = py + pz + pw
[L,H] = 0, [L1,H] 6= 0, [L2,H] 6= 0, [L1, A] = −i~I 6= 0
K1 = Γ = (g/2)(w − z), b1I = [B, [L2,Γ]] = 0, b2I = −g~2I 6= 0, b3 = 0 . . .
EOP: A(t) = x⊗ I,B(t) = gtx⊗ I + I ⊗ (pz − pw − gty) = KtA⊗ I + I ⊗N(t)
N(t) = (pz − pw − gty) 6= B,D = (g/2)y(z − w), [D,H] = 0.
0 D , N(t) B .
(4’)E[003...] (6. 2 (2) )
A = x, B = X
H = g(x⊗ PX + y ⊗ PY ) = A⊗ Γ + C3 ⊗K3 = C1 ⊗K1 + C3 ⊗K3
C3 = y, K3 = gPY
L1 = xpy − ypx, L2 = XPY − Y PX
[L,H] = 0, [L1,H] 6= 0, [L2,H] 6= 0, [L1, A] = i~y 6= 0
K1 = Γ = gPX , b1I = [B, [L2,Γ]] = 0, b2 = 0, b3 = [B, [L2,K3]] = g~2I . . .
EOP: A(t) = x⊗ I,B(t) = gtx⊗ I + I ⊗X = KtA⊗ I + I ⊗N(t)
N(t) = B = X,D = 0.
C3 A ,
K3 [B, [L2,K3]] , L1 A .
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Kakazu-Pascazio , EOP A , A
Cn , Kn B, L2 [B, [L2,Kn]]
, L1 A . EOP
, WAY .
, , , .
.
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7 GCS- WAY
1.
2. GCS- WAY
3.
4.
, [25] S. Kudaka and K. Kakazu, Prog. Theor. Phys. 87(1), 61 (1992)
.
GCS- (Generalized Coherent States- ),
[54]∼[63] , ,
[19]. ,
. I][II+ III
I+ II][III . I+ II
, . GCS- (
) , .
, WAY [25].
, WAY ,
.
WAY ,
GCS .
, , Yanase
,
. .
, [29] .
1 GCS- , .
,
. 2 WAY , GCS-
. GCS ,
. 3 GCS . 4
GCS- WAY 3
.
(GCS) | · · · 〉〉 .
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7.1 (GCS)
I GCS II . I | ϕ〉 M
| µ〉 : | ϕ〉 =∑µ cµ | µ〉. II GCS | 0〉〉
, .∑
µ
cµ | µ〉 | 0〉〉 →
∑
µ
cµ | µ〉 | αµ〉〉 ≡| ψ(t)〉 (7.1)
| αµ〉〉 GCS .
ρ =| ψ(t)〉〈ψ(t) | ρ0 =
∑
µ | cµ |2| µ〉〈µ | . (7.1) ρ ρ0
.
Tr[(ρ− ρ0)(O ⊗A)] ' 0 (7.2)
O I , A II . A
,
∀ | α〉〉, lim
~→0
〈〈α | A | α′〉〉
〈〈α | α′〉〉
, ~→ 0 ~ 1
. (7.2) 0 . , N →∞, ~→ 0
t → ∞ . N II , t I II .
A B .
lim[〈〈αµ | AB | αµ〉〉 − 〈〈αµ | A | αµ〉〉〈〈αµ | B | αµ〉〉] = 0 (7.3)
.
. N ,
, (7.2) Hilbert . ,
Hilbert , Hilbert . ,
GCS , .
, .
, .
(i)
H ′ = gHsQ . Hs I
, Q II . .
, Q P , .
a =
1√
2~
(Q+ iP ), a† =
1√
2~
(Q− iP ) (7.4)
Glauber a, a† .
| α〉〉 = eαa†−α∗a | 0〉〉 (7.5)
1 [54]∼[59] .
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α ∈ C, | 0〉〉 (a | 0〉〉 = 0) . I .
| ϕ〉 =
∞∑
n=0
cn | n〉 (7.6)
Hs | n〉 = En | n〉 , En 6= Em (n 6= m) . II | 0〉〉 ,
t = 0 | ψ(0)〉 =| ϕ〉 | 0〉〉 . , t
ψ(t) = e−(i/~)H
′t | ψ(0)〉 =
∑
n
cn | n〉e−(i/~)gtEnQ | 0〉〉 =
∑
n
cn | n〉 | αn〉〉 (7.7)
.
| αn〉〉 =| −igtEn/
√
2~〉〉 (7.8)
〈〈αn | αm〉〉 = exp[−g
2t2(En − Em)2
4~
] (7.9)
Glauber . (7.4), (7.8) Q P .
〈〈αn | Q | αn〉〉 = 0, 〈〈αn | P | αn〉〉 = −gEnt (7.10)
σ(Q)2 ≡ 〈〈αn | Q2 | αn〉〉 − 〈〈αn | Q | αn〉〉2 = ~2 (7.11)
σ(P )2 ≡ 〈〈αn | P 2 | αn〉〉 − 〈〈αn | P | αn〉〉2 = ~2 (7.12)
〈〈0 | Q | 0〉〉 = 〈〈αn | Q | αn〉〉 = 0 Q . P
.
| 〈〈αm | P | αm〉〉 − 〈〈αn | P | αn〉〉 |À σ(P ) (7.13)
gt | Em − En |À
√
~
2
(7.14)
En Em . , A
,
∀ | α〉〉, lim
~→0
〈〈α | A | α′〉〉
〈〈α | α′〉〉 (7.15)
R . ~→ 0 ~
. ~→ 0 , (7.15) 〈〈α | A | α′〉〉 ∝ 〈〈α | α′〉〉 , A
[20]. a, a† , Q,P .
(7.2) .
Tr[(ρ− ρ0)(O ⊗A)] =
∑
n6=m
cnc
∗
m〈m | O | n〉〈〈αm | A | αn〉〉 (7.16)
(7.9) (7.15) ,
〈〈αm | A | αn〉〉 ' R〈〈αm | αn〉〉 = R exp[−g
2t2(En − Em)2
4~
] (7.17)
, (7.14) Tr[(ρ− ρ0)(O ⊗A)] ' 0 .
(7.14) ρ ' ρ0 . (7.14) , ~ → 0 t → ∞ ,
.
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(ii)
, , GCS
. I 12 , σi, τi Pauli σz τz
| µν〉 .
σz | µν〉 = µ | µν〉, τz | µν〉 = ν | µν〉 (7.18)
µ, ν = ±1, [σi, τj ] = 0 , ν . N 12
II , up down [43],[48],[50],[51],[58].
.
H ′ =
1
2
(g1(1 + σz) + g2(1− σz))τxNΣx (7.19)
gi (i = 1, 2) , Σx
Σi =
1
N
N∑
i=1
σ
(n)
i (7.20)
x , σ(n)i n Pauli . g1/2 = g, g2 = 0
2 NO
(Renninger ) [29].
SU(2) , .3
u(α, β) = eασ−eβσzeγσ+ =
(
eβ −α∗eβ∗
αeβ eβ
∗
)
(7.21)
, α, β, γ ∈ C, σ± = (σx±iσy)/2 , (1+ | α |2) exp(β+β∗) = 1 γ = −α∗ exp(β−β∗)
. Σ± = (Σx± iΣy)/2, β = β1+ iβ2 (βi ∈ R)
| α, β〉〉 = eαNΣ−eβNΣzeγNΣ+ | 0〉〉 (7.22)
. | 0〉〉 Σ− | 0〉〉 = 0 . GCS
〈〈α, β | α′, β′〉〉 = [eβ∗+β′(1 + α∗α′)]N (7.23)
,
| 〈〈α, β | α′, β′〉〉 |2=
[
1− | α− α
′ |2
(1+ | α |2)(1+ | α′ |2)
]N
(7.24)
. I II
| ϕ〉 =
∑
µν
cµν | µν〉 (7.25)
| 0〉 . | µν〉 τx | µλ〉x (τx | µλ〉x = λ | µλ〉x) .
| µν〉 =
∑
λ
fµνλ | µλ〉x, | µλ〉x =
∑
ρ
f ′µλρ | µρ〉 (7.26)
2 . (7.19) , (7.19)
, GCS .
3 GCS . B
.
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, fµνλ, f ′µλρ . (7.19) , I+ II | ψ(t)〉
.
| ψ(t)〉 = e−(i/~)H′t | ϕ〉 | 0〉〉
=
∑
µνλ
cµνfµνλ | µλ〉xe−(i/~)gt(1+µ)λNΣx | 0〉〉
=
∑
µλ
[
∑
ρν
cµνfµνλf
′
µλρ | µρ〉]e−(i/~)gt(1+µ)λNΣx | 0〉〉
≡
∑
µλ
[
∑
ρν
cµνfµνλf
′
µλρ | µρ〉] | αµλ, βµλ〉〉
≡
∑
µλ
γµλ | ϕµλ〉 | αµλ, βµλ〉〉 (7.27)
γµλ .
αµλ = −i tan[gt(1 + µ)λ/~], eβµλ = cos[gt(1 + µ)λ/~] (7.28)
. (7.27) , ρ ρ0
. (7.27) .
| ψ(t)〉 =
∑
µνρ
cµν | µρ〉[
∑
λ
fµνλf
′
µνρ | αµλ, βµλ〉〉]
≡
∑
µνρ
cµνγµνρ | µρ〉 | αµνρ〉〉 (7.29)
γµνρ | αµνρ〉〉 GCS | αµλ, βµλ〉〉 . (7.29)
WAY .
. (7.27) | α−1,λ, β−1,λ〉〉 =| 0〉〉
| ψ(t)〉 =
∑
λ
γ−1,λ | ϕ−1,λ〉 | 0〉〉+
∑
λ
γ1,λ | α1,λ, β1,λ〉〉 (7.30)
(GCS) Σi
〈〈0 | Σx | 0〉〉 = 〈〈0 | Σy | 0〉〉 = 0, 〈〈0 | Σz | 0〉〉 = −1 (7.31)
〈〈α1λ, β1λ | Σx | α1λ, β1λ〉〉 = 0 (7.32)
〈〈α1λ, β1λ | Σy | α1λ, β1λ〉〉 = − sin(4gλt/~) (7.33)
〈〈α1λ, β1λ | Σz | α1λ, β1λ〉〉 = 1− sin2(2gλt/~) (7.34)
| 0〉〉 Σi σ0(Σi)
σ0(Σx) = σ0(Σy) =
1√
N
, σ0(Σz) = 0 (7.35)
| α1λ, β1λ〉〉
σ1(Σx) =
1√
N
, σ1(Σy) =
1√
N
| 1− 2 sin2(2gt/~) |, σ1(Σz) = 1√
N
| sin(4gt/~) | (7.36)
(7.31), (7.32) Σx , .
(7.34) Σz λ = ±1 ,
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. (7.31), (7.33) Σy . Σy,Σz
((7.13) )
| sin(4gt/~) |À 1√
N
, | tan(2gt/~) |À 1√
N
(7.37)
, N .
ρ . , α, β, α′, β′ ∈ C
lim
N→∞
〈〈α, β | A | α′, β′〉〉N
〈〈α, β | α′, β′〉〉N−m (7.38)
. | α, β〉N N , m
. A N .
, Σi, [47].
(7.2) .
Tr[(ρ− ρ0)(O ⊗A)]
=
∑
λ
γ∗−1,λγ11〈ϕ−1,λ | O | ϕ11〉〈〈0 | A | α11, β11〉〉
+
∑
λ
γ∗−1,λγ1,−1〈ϕ−1,λ | O | ϕ1,−1〉〈〈0 | A | α1,−1, β1,−1〉〉
+γ∗11γ1,−1〈ϕ11 | O | ϕ1,−1〉〈〈α11, β11 | A | α1,−1, β1,−1〉〉+ c.c (7.39)
(7.38) ,
〈〈0 | α1λ, β1λ〉〉 = (cos(2gt/~))N , 〈〈α11, β11 | α1,−1, β1,−1〉〉 = (1− 2 sin2(2gt/~))N (7.40)
N Tr[(ρ − ρ0)(O ⊗ A)] ' 0 . (7.37) ,
[19]. A ,
(7.39) N →∞ 0 .
7.2 GCS WAY
Wigner , Araki Yanase ,
. GCS ,
, WAY
. , . ,
, , WAY .
Araki Yanase .
M
M | µν〉 = µ | µν〉, 〈µν | µ′ν′〉 = δµµ′δνν′ (7.41)
, | ξ〉
U(t) | µν〉 | ξ〉 =
∑
ρ
| µρ〉 | Φµνρ〉 (7.42)
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. | Φµνρ〉 , µ 6= µ′ 〈Φµνρ | Φµ′,ν′,ρ′〉 = 0
. , GCS . (7.42)
γµνρ
U(t) | µν〉 | 0〉〉 =
∑
ρ
γµνρ | µν〉 | αµνρ(t)〉〉 (7.43)
. | 0〉〉 , | αµνρ(t)〉〉 GCS
.
∑
ρ | γµνρ |2= 1 . (7.29)
.
| ϕ〉 =
∑
µν
cµν | µν〉 (7.44)
,
U(t) | ϕ〉 | 0〉〉 =
∑
µνρ
cµνγµνρ | µν〉 | αµνρ(t)〉〉 (7.45)
.
F ([U(t), F ] = 0) ,
F = f1 ⊗A1 + f2 ⊗A2 (7.46)
. fi Ai , Ai (7.15), (7.38)
. Ai
lim〈〈αµνρ(t) | Ai | αµ′ν′ρ′(t)〉〉 = 0 (µ 6= µ′) (7.47)
. , N →∞ t→∞ . N
, t . WAY (7.46)
.
M (7.45) , F = f1 ⊗A1 + f2 ⊗A2
, F˜
F˜ = 〈〈0 | A1 | 0〉〉f1 + 〈〈0 | A2 | 0〉〉f2 ≡ ∆1f1 +∆2f2 (7.48)
[F˜ ,M ] 6= 0 (7.49)
, .
: 〈µν | 〈〈0 | F | 0〉〉 | µ′ν′〉 .
〈µν | 〈〈0 | F | 0〉〉 | µ′ν′〉 = 〈µν | F˜ | µ′ν′〉 (7.50)
. U(t) F .
〈µν | 〈〈0 | F | 0〉〉 | µ′ν′〉 = 〈µν | 〈〈0 | U(t)†U(t)F | 0〉〉 | µ′ν′〉
= 〈µν | 〈〈0 | U(t)†FU(t) | 0〉〉 | µ′ν′〉
=
∑
ρρ′
γ∗µνργµ′ν′ρ′ [〈µρ | f1 | µ′ρ′〉〈〈αµνρ(t) | A1 | αµ′ν′ρ′(t)〉〉
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+〈µρ | f2 | µ′ρ′〉〈〈αµνρ(t) | A2 | αµ′ν′ρ′(t)〉〉] (7.51)
(7.47) µ 6= µ′ (7.51) 0 . N , N → ∞
. t→∞ , N →∞ .
(7.51) . (7.51) t→∞
. (7.50)
〈µν | F˜ | µ′ν′〉 = 0 (µ 6= µ′) (7.52)
[F˜ ,M ] = 0 .
M .
M =
∑
µ
µPµ, Pµ | µ′ν′〉 = δµµ′ | µ′ν′〉 (7.53)
Pµ
〈µ′ν′ | PµF˜ | µ′′ν′′〉 = δµ′µδµ′µ′′〈µ′ν′ | F˜ | µ′′ν′′〉 (7.54)
〈µ′ν′ | F˜Pµ | µ′′ν′′〉 = δµµ′′δµ′µ′′〈µ′ν′ | F˜ | µ′′ν′′〉 (7.55)
, [F˜ , Pµ] = 0 , [F˜ ,M ] = 0 .
GCS | αµνρ(t)〉〉 WAY
. F = f1 ⊗ I + I ⊗ A2 .
F˜ = f1 +∆2 (∆1 = 1) [F˜ ,M ] = 0 [f1,M ] = 0 Araki-Yanase .
A2 . , GCS
,
, . F = f1 ⊗ A1 + I ⊗ I .
[F˜ ,M ] = [∆1f1,M ] = 0 , ∆1 6= 0 [f1,M ] = 0 .
Ai ,
lim〈Φµνρ(t) | Ai | Φµ′ν′ρ′(t)〉 = 0 (µ 6= µ′) (7.56)
, GCS | Φµνρ〉 . ,
. , GCS .
7.3
WAY M F = f ⊗ I + I ⊗A
. [f,M ] 6= 0 M , .
, ,
, GCS .
, Hi (i = 1, 2) M A Hilbert . (7.42), (7.43) ,
.
| µν〉 | λ〉 →| µν〉 | λµ〉 (7.57)
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| µν〉 | λµ〉 | 0〉〉 →
∑
µ
γµνρ | µρ〉 | λµ〉 | αµνλ〉〉 (7.58)
| λ〉 Hilbert Hλ , | λµ〉 Hλ
. | µν〉 | αµνρ〉〉 , (7.42) . (7.58)
U(t) , (7.58) F = f ⊗ I + I ⊗ A
. f H1 H1 ⊗Hλ . Hλ
Hilbert , , z-
.
(7.58) F
〈µν | 〈λµ | 〈〈0 | F | 0〉〉 | λµ′〉 | µ′ν′〉 = 〈µν | 〈λµ | f | λµ′〉 | µ′ν′〉 (µ 6= µ′) (7.59)
U(t) , (7.59) ( (7.51) ) ,
〈µν | 〈λµ | 〈〈0 | F | 0〉〉 | λµ′〉 | µ′ν′〉 =
∑
ρρ′
γ∗µνργµ′ν′ρ′ [〈µρ | 〈λµ | f | λµ′〉 | µ′ρ′〉〈〈αµνρ | αµ′ν′ρ′〉〉
+〈µρ | µ′ρ′〉〈λµ | λµ′〉〈〈αµνρ | A | αµ′ν′ρ′〉〉] (7.60)
µ 6= µ′ (7.60) 0 .
〈µν | 〈λµ | f | λµ′〉 | µ′ν′〉 = 0 (µ 6= µ′) (7.61)
, [f,M ] = 0 . , (7.58)
M ∈ H1 .
F = f ⊗ I + I ⊗A f H1 , (7.61)
〈λµ | λµ′〉〈µν | f | µ′ν′〉 = 0 (µ 6= µ′) (7.62)
, 〈λµ | λµ′〉 6= 0 〈µν | f | µ′ν′〉 = 0. (µ 6= µ′) . WAY .
〈λµ | λµ′〉 = 0 (µ 6= µ′) WAY . .
H ′ = g
∑
i piPi (i = x, y, z) . pi, Pi
, g . Stern-Gerlach ,
.
| ϕ〉 =
∑
µ=±1
cµ | µ〉 | p˜µz〉 | ϕµ〉 (7.63)
cµ , | µ〉 M ≡ σz (σz | µ〉 = µ | µ〉), | ϕµ〉 x y
, | p˜µz〉 , z . pz
. (pz | p˜µz〉 ' p˜µz | p˜µz〉). (7.63) (7.57)
.
.
Ji =
σi
2
⊗ I ⊗ I + I ⊗ li ⊗ I + I ⊗ I ⊗ Li (7.64)
li Li . HS =
∑
i p
2
i /2m,HA =
∑
i P
2
i /2M
m,M , [HS+HA+H ′, Ji] = 0
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. Ji . [σz, Ji] 6= 0 (i = x, y) WAY σz
. HS +HA .
t ,| 0x〉 | 0y〉 | 0z〉〉
| ψ(t)〉 = e−(i/~)H′t | ϕ〉 | 0x〉 | 0y〉 | 0z〉〉
'
∑
µ=±1
cµ | µ〉 | p˜µz〉UxUy | ϕµ〉 | 0x〉 | 0y〉e−(i/~)gtpµzPz | 0z〉〉
=
∑
µ=±1
cµ | µ〉 | p˜µz〉UxUy | ϕµ〉 | 0x〉 | 0y〉 | gtpµz/
√
2~〉〉
≡
∑
µ=±1
cµUxUy | µ, p˜µz, ϕµ; 0x, 0y〉 | αµ〉〉 (7.65)
, Ui(t) = exp[−igtpiPi/~], αµ = gtpµz/
√
2~ . Qz
〈〈0z | Qz | 0〉〉 = 0, 〈〈αµ | Qz | αµ〉〉 = gtpµz (7.66)
, | αµ〉〉 Qz
√
2~ ,
gt | p1z − p−1z |À
√
2~ (7.67)
. | µ〉 | αµ〉〉 , (7.67)
. σz Jx, Jy , (7.57) | pµz〉
, (7.65) .
.
ρ0 ρ =| ψ(t)〉〈ψ(t) | , ρ ' ρ0
. O ⊗A .
Tr[(ρ− ρ0)(O ⊗A)]
= c1c∗−1〈−1, p˜−1z, ϕ−1; 0, 0 | U†yU†xO ⊗AxyUxUy | 1, p˜1z, ϕ1; 00〉 (7.68)
×〈〈α−1 | Az | α1〉〉+ c.c.
O , A A = A′(Qx, Qy, Px, Py)A′′(Qz, Pz) ≡ AxyAz
.
〈〈α−1 | Az | α1〉〉 ∝ exp
[−g2t2(p1z − p−1z)2
4~
]
(7.69)
, (7.67) Tr[(ρ− ρ0)(O ⊗A)] ' 0 .
7.4
GCS . GCS
. .
,
,
. GCS .
, .
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, , M
. ,
GCS .
(i) .
U(t) | µν〉 | 0〉〉 =
∑
ρ
γµνρ | µν〉 | αµνρ(t)〉〉 (7.70)
| µ, ν〉 , M M | µν〉 = µ | µν〉 | 0〉〉, | αµνρ(t)〉〉 GCS
(7.43) .
(ii) Ω {Ω} .
ωµλ 6= 〈〈0 | Ω | 0〉〉, | αµλ〉〉 6=| 0〉〉 (7.71)
| ωµλ − ωµ′λ′ |À σµλ, σµ′λ′ , ∀ωµλ ∈ Ωµ, ∀ωµ′λ′ ∈ Ωµ′ (µ 6= µ′) (7.72)
Ωµ ωµλ ≡ 〈〈αµλ | Ω | αµλ〉〉 , | αµλ〉〉 , | αµνρ〉〉
, σµλ (σµ′λ′) | αµλ〉〉 (| αµ′λ′〉〉) Ω .
, (7.14), (7.37) , .
{Ω} , Ω ,
M . Ωµ . Ωµ M
µ . (7.71) , (7.72)
. , | ωµλ − ωµ′λ′ |À σµλ
ω [61]. . M
Ω . µ , ωµλ
. | αµλ〉〉 Ω ,
. , ,
. , GCS ,
| αµλ〉〉 Ω ωµλ , .
1 , [34]
( (7.15), (7.38) (7.47) .
ρ ρ0 .
, . GCS
GCS .
2 F = f ⊗ I + I ⊗ A , f
M GCS WAY .
, F = f1 ⊗ A1 + f2 ⊗ A2
. WAY . F ,
(7.48) F˜ (7.43) U(t)
. , F = f1 ⊗ A1 + f2 ⊗ A2
A1, A2 .
GCS WAY .
3 , .
. z .
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M = σz Jx, Jy . WAY ,
, GCS
. .
, (7.57), (7.58) .
Hilbert H = H1 ⊗Hλ ⊗H2 . .
(a) F = f1 + fλ +A [M,f1] 6= 0, f1, f2 A H1,Hλ,H2 .
(b) F = f +A, [M,f ] 6= 0, f H1 ⊗Hλ , A H2 .
(a) . 3 〈λµ | λµ′〉 6= 0 (µ 6= µ′) (7.58)
WAY , M , . 〈λµ | λµ′〉 = 0 (µ 6= µ′)
. (7.58) WAY . [M,f ] = 0 .
3 [σz, Jx] 6= 0, [σz, Jy] 6= 0 , σz GCS
. | λµ〉 | p˜µz〉 . , (7.58)
| p˜µ〉 | α〉〉 . , σz
, (7.58) | µν〉 , | λµ〉
. WAY , M = σz (7.57)
. , (7.57)
. | λµ〉 µ , ,
σz . (7.58) | λµ〉 GCS
, WAY , Yanase , (7.57)
, . (7.57)
, (7.58) .
, . Yanase
, , (7.57) | λ〉 (7.58) | 0〉〉
, .
(b) . (a) ,
. f H1 ⊗Hλ , (7.61) [M,f ] = 0
. [M,f ] 6= 0 . (7.58) | λµ〉 | αµνρ〉〉
. , (7.58) , (7.57) | µν〉 | λµ〉
. , , M
. WAY . M
(7.57) . WAY ,
. f . , G = g1 + g2
, [M, g1] 6= 0 WAY .
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81.
2.
3.
8.1
, .
I) Araki-Yanase , ,
, . .
II) ,
.
(I) . Araki-Yanase
.
(i) M ,
| φµ,α〉 . M | φµ,ρ〉 = µ | φµ,ρ〉 〈φµ,ρ | φµ′,ρ′〉 = δµ,µ′δρ,ρ′ .
, | φµ,α〉⊗ | ξ〉 t , U(t) ,
(| φµ,α〉⊗ | ξ〉)→
∑
β
| φµ,β〉⊗ | Φµ,α,β〉 (8.1)
. | Φµ,α,β〉 , µ 6= µ′
〈Φµ,α,β | Φµ′,α′,β′〉 = 0 (8.2)
.
(ii)
L(t) = LI(t)⊗ III + II ⊗ LII(t) (8.3)
, LI , LII . , .
∀τ ∈ R, [M,LI(τ)] = 0 (8.4)
. , M ,
Ozawa ,
[26]. , (a) M ( 2 ,
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WAY ), (b) LI , (c) ,
.
, Araki-Yanase
. Araki-Yanase (2.38) ,
| φµ,α〉 | ϕµ,α〉 . ,
U(τ)(| φµ,α〉⊗ | ξ〉) =
∑
β
| ϕµ,β〉⊗ | Φµ,α,β〉 (8.5)
, , ,
(1) 〈ϕµ,α | ϕµ,β〉 = δα,β (2) 〈Φµ,α,β | Φµ′,α′,β′〉 = 0 (µ 6= µ′)
. (1) µ 6= µ′ .
(3) 〈ϕµ,α | ϕµ′,β〉 6= 0
.
3 Araki-Yanase (8.5) ,
(3)
(4) 〈ϕµ′,α | ϕµ,β〉 = δµ,µ′δα,β
. , , Araki-Yanase
, , ,
. ,
. 〈ϕµ,α | ϕµ′,β〉 6= 0 Araki-Yanase
, . ,
Yanase (3.3.1 3.4.1 ).
(8.5) .
Ozawa ,
.
. , Busch , WAY
. Busch q p
, q = 0
. ,
. 2a , 0 .
(q < 0) (q > 0)
. ∫
q′>0
|q′〉〈q′| dq′ −
∫
q′<0
|q′〉〈q′| dq′ (8.6)
.
Q , P . p⊗I+I⊗P
Pt . . LI , LII . Hilbert
, H1 = H2 = L2(R), H = H1⊗H2, H+1 = L2(0,∞) H−1 = L2(−∞, 0); U H ,
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ψ+ ∈ H+1 , ψ− ∈ H−1 , η0 ∈ H2 supp(η0) ⊆ [−a, a] , η± ∈ H2 η+ = η+[ψ+], η− = η−[ψ−],
supp[η+] ⊆ [a,∞) supp[η−] ⊆ (−∞, a] , :
∀ψ+, ∀ψ−, ∃ψ˜± ∈ H1, U(ψ± ⊗ η0) = ψ˜± ⊗ η± (8.7)
η+ = η+[ψ+] η+ ψ+ .
,
ψ˜± ψ± , 2
. ,
(i) {q,Q} 2©- {q, P} 2©- .
(ii) {p,Q} 1© - {p,Q} 2©- .
(iii) {p, P} 1©- , {p, P} 2©- .
(i) WAY . , LI
, ,
support) , .
, Busch 2 , ,
.
Q,P , , ,
,
.
, Busch , Busch (8.7)
. {p, P} , 2 −∞ ∞
, . H1 = H2 = L2(R), H = H1 ⊗ H2, H+1 = L2(0, ∞)
H−1 = L2(−∞, 0) . η0(∈ H2) supp(η0) ⊆ [−a, a], a ,
Ψ±(∈ H) supp(Ψ±) ⊆ D±, D+ = R × [a,∞), D− = R × (−∞,−a] .
U H ,
∀ψ± ∈ H1±, ∃Ψ± ∈ H, U(ψ± ⊗ η0) = Ψ± (8.8)
. Busch . . (i) {p, P}
, , . ψ(p) {p}
, η0(P ) {P} . Ψ±(p, P )
,
Ψ+(p, P ) Ψ−(p, P ) p-P . (ii) U
ψ± (p = 0) ψ∓ . ,
Ψ+(p, P ) P , P ≥ a . (iii)
Ψ±(p, P ) P 2a ,
0 . Ψ±(p, P ) . (iv) η0(P )
Ψ±(p, P ) Ψ±(p, P ) .
Busch WAY . p , Q,P
.
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Galilei ) , Galilei
, LI , LII , . Galilei ,
, , Galilei , Busch
, . WAY
, Galilei LI p .
Busch ,
WAY , Busch ,
. Busch .
, Ozawa
WAY . Ozawa
,
. A B Heisenberg , U
(OP )
A(τ) = U†(A⊗ I)U = A⊗ I (8.9)
B(τ) = U†(I ⊗B)U = A⊗ I + I ⊗N (8.10)
. A(0) = A⊗ I,B(0) = I ⊗B . N
. , ξ
. , A,B,N , ξ N
Nξ = 0 , von Neumann ,
. . A(τ) = A⊗ I ,
. N , , A(τ), B(τ)
a, b , ξ² ² ,
p(a, b)dadb =| ψ(a) |2 δ(a− b)dadb〈ξ² | exp(iµ′N) | ξ²〉 (8.11)
, ,
〈ξ² | exp(iµ′N) | ξ²〉 → 1 (8.12)
. Ozawa , ξ0
, .
. L = LI ⊗ I I ⊗ LII , [U,L] = 0 , WAY
(Ozawa ) .
OP WAY
ξ0, ξ² , L1 ² → 0 ‖ N | ξ²〉 ‖→ 0 L2
²→ 0 ‖ N | ξ²〉 ‖→ 0 N ξ0 , [A,L1] = 0 .
Ozawa . , A,B
, N . , Araki-Yanase
, LI , ,
, WAY
. , ,
LI
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. Kakazu Pascazio , Ozawa
WAY . Kakazu-Pascazio OP
(EOP) .
(i)EOP
A(t) = U†(t)(A⊗ I)U(t) = A⊗ I (8.13)
B(t) = U†(t)(I ⊗B)U(t) = KtA⊗ I + I ⊗N(t) (8.14)
t . K , A(0) ≡ A ⊗ I,
B(0) ≡ B ⊗ I . A,B H1 ⊗H2 . N(t)
, , ∀µ ∈ R
lim
ε→0
〈ξ² | exp(iµN(t)) | ξ²〉 → 1 (8.15)
H2 {| ξε〉} . (EOP )
Ozawa (EOP) . (8.15) , | ξε〉
.
(ii)
EOP H ( U(t) = e−iHt/~) H1 Fn H2 Gn
H =
N∑
n=1
Fn ⊗Gn (8.16)
.
(iii)
L1 ⊗ I + I ⊗ L2 , [L1 ⊗ I + I ⊗ L2, U ] = 0 .
EOP WAY
(8.16) , L1 ⊗ I + I ⊗ L2 EOP ,
[L1, A] = 0 , n bn ≡ [B, [L2,Kn]] = 0
. Kn , H (8.16)
H =
∑
n
Cn ⊗Kn +
∑
n
C˜n ⊗ K˜n (8.17)
( Cn H , C˜n
) Cn H2 . (8.17)
H = A⊗ Γ + I ⊗D + · · · (8.18)
, C1 = A,C2 = I,K1 = Γ,K2 = D . WAY
, WAY EOP
,
[L1, A] =
i
K~
∑
n
bnCn (8.19)
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. bn
bn = [B, [L2,Kn]] (8.20)
, c- . EOP A , A
Cn , Kn B, L2 [B, [L2,Kn]]
, L1 A . , ,
. Kakazu-Pascazio
, OP WAY
.
L1 ⊗ I + I ⊗ L2 , (8.18) H = A⊗ Γ+ I ⊗D + . . . EOP
, [L1, A] 6= 0 D = 0 , L1, L2 .
, , ,
D = 0 EOP . D 6= 0
. , , , , ,
, .
, OP, EOP , Ozawa (8.15)
, WAY , Wigner
Araki-Yanase , ,
. , OP EOP ,
. ,
, WAY ,
( ) .
GCS WAY .
, . , LI
LcII LI ⊗LcII , GCS)
LI .
GCS , , WAY
M ,
. M
M | µν〉 = µ | µν〉, 〈µν | µ′ν′〉 = δµµ′δνν′ (8.21)
, γµνρ
U(t) | µν〉 | 0〉〉 =
∑
ρ
γµνρ | µν〉 | αµνρ(t)〉〉 (8.22)
. | 0〉〉 , | αµνρ〉〉 GCS .
| ϕ〉 =
∑
µν
cµν | µν〉 (8.23)
,
U(t) | ϕ〉 | 0〉〉 =
∑
µνρ
cµνγµνρ | µν〉 | αµνρ(t)〉〉 (8.24)
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.F ([U(t), F ] = 0) ,
F = f1 ⊗A1 + f2 ⊗A2 (8.25)
. fi Ai , Ai N →∞
t→∞
lim〈〈αµνρ(t) | Ai | αµ′ν′ρ′(t)〉〉 = 0 (µ 6= µ′) (8.26)
. N , t . WAY
(8.25) .
M (8.24) , F = f1 ⊗A1 + f2 ⊗A2
, F˜
F˜ = 〈〈0 | A1 | 0〉〉f1 + 〈〈0 | A2 | 0〉〉f2 ≡ ∆1f1 +∆2f2 (8.27)
[F˜ ,M ] 6= 0 (8.28)
, .
. , LcII
, Araki-Yanase .
,
. LII Araki-Yanase
, Araki-Yanase
. , ,
Tr[(ρ− ρ0)(O ⊗A)] ' 0 ( , ) ,
, WAY .
(I) . (II) .
Ghirardi-Miglietta-Rimini-Weber Matsumoto Yanase
, . , , LII Λ2
, LI
. Yanase ,
. LI ( (3.119)
). Yanase , ,
,
. Matsumoto , ,
,
,
. , Matsumoto 2 ,
, . Yanase
.
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5 , Busch {q,Q}, {q, P}, {p,Q}, {p, P}
, , Yanase
,
. Busch ,
. a
. Busch .
, , Galilei
, .
{q,Q} , ζ > 1∆P , a a > ∆Q
{q, P} ,
ζ >
a
κτ
+
1
∆P
{p,Q} ,
ζ >
a
κτ
(m+M)2
mM
+
m
M∆Q
{p, P} ,
ζ >
µ
M∆Q
+
m
M
(
a−
√
µ2(
∆P
M2
)2 + a2
)
, a = 2
√
µE, µ =
mM
m+M
. , .
, . , ,
ζ ,
. ,
. {p, P} , M
, . a , . ,
.
{q,Q} , ζ = ~∆P = ~∆LII
{q, P} , ζ = ~∆P = ~∆LII
{p,Q} , ζ = m~M∆Q = m~∆LII(0)
{p, P} , ζ = m~M∆Q = m~∆LII(0)
~ . Busch ,
LI .
, 1 ,
.
,
Yanase
. , , Matsumoto
, .
, 2 3 , I+ II
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, 1
III , II ( ) .
, Ghirardi
. 1/2
γ+ ⊗ ξ → γ+ ⊗ ξ+ + γ+ ⊗ δ+− + γ+ ⊗ δ+∗ + γ− ⊗ η++ + γ− ⊗ η+− + γ− ⊗ η+∗ (8.29)
γ− ⊗ ξ → γ− ⊗ ξ− + γ− ⊗ δ−+ + γ− ⊗ δ−∗ + γ+ ⊗ η−+ + γ+ ⊗ η−− + γ+ ⊗ η−∗ (8.30)
.
γ+ ⊗ ξ+, γ− ⊗ η++ , γ− ⊗ ξ−, γ+ ⊗ η−− ,
γ+ ⊗ δ+−, γ− ⊗ η+−, γ− ⊗ δ−+ , γ+ ⊗ η−+ ,
γ+ ⊗ δ+∗ , γ− ⊗ η+∗ , γ− ⊗ δ−∗ , γ+ ⊗ η−∗ .
, η δ
. , ,
, δ, η , , ,
ξ± , ,
ξ± , .
,
. , ,
, , δ η
. (8.29), (8.30)
. ,
. Yanase ,
, , Yanase ε = (η+, η+) + (η−, η−)
. Yanase Ghirardi
γ+ ⊗ ξ → γ+ ⊗ Φ+ + γ− ⊗ η++ + γ− ⊗ η+− + γ− ⊗ η+∗
γ− ⊗ ξ → γ− ⊗ Φ− + γ+ ⊗ η−+ + γ+ ⊗ η−− + γ+ ⊗ η−∗
, Araki-Yanase ,
. ε ,
ε = (η++ , η
+
+) + (η
−
− , η
−
−) + (η
+
−, η
+
−) + (η
−
+ , η
−
+) + (η
+
∗ , η
+
∗ ) + (η
−
∗ , η
−
∗ )
. , ,
η+− = η
−
+ = 0 (η
+
∗ , η
−
∗ ) = 0 . ,
,
13.4.1 .
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. Yanase
,
.
. Busch , (
5.4 ). (I), (II) ,
. ,
.
, Yanase Busch
. . WAY
, WAY
, WAY
. , Ozawa WAY
,
. Araki-Yanase 2 , WAY
, Ozawa WAY ,
WAY .
Ozawa , Ozawa WAY
,
. Busch {q,Q} (4.6) . Ozawa
(OP) WAY ,
, .
WAY , , WAY
, LI
. Yanase
.
, .
. ,
.
, , ,
.
Matsumoto ,
.
.
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8.2
Wigner Araki-Yanase
,
. ,
,
, WAY Yanase .
, . Busch
, .
8.2.1 ,
, Stern-Gerlach GMRW
Ghirardi ( 3 ). ,
, LII ,
, .
z- , , z-
. ,
z- ,
. ,
LII ( ) Ghirardi .
, δ = − ε =
LII .
δ, ε (3.165) .
ε = δ =
~2
4
(
1
〈L2x〉
+
1
〈L2y〉
) (8.31)
Yanase . GMRW
, ,
. ,
,
GMRW ( ) ,
. ,
. Bohr
[2]. Bohr
, . GMRW
. ,
. ,
.
, .
.
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GMRW ,
. ,
. ,
z- ,
((3.139)∼ (3.141) ). | Ψ0〉
((3.136) ) . ,
, z- ,
. , .
(3.139) ,
, | Ψ0〉
. GMRW ,
Matsumoto
( ) ,
.
, , GMRW
,
. ,
. , ,
, , A
M , M
F (M,A) E(M,A)
. ,
B F (M,A) . B E(M,A)
. A
, B . GMRW ,
M → s3, A→ ϑ1,2, B →| ξ+〉〈ξ+ | − | ξ−〉〈ξ− |, F (M,A)→ ~s · Jˆ
.
GMRW .
Ozawa . E[020...] (6.2
(1) ) .
Ozawa , I x, px , II
y, z, w, py, pz, pw . P = px+py+pz+pw
px I , py + pz + pw II . I M x , II B , pz − pw
. ,
. 3 . H ′
H ′ =
1
2
κ(x− y)(w − z) (8.32)
. , y
pz − pw . [P, x− y] = [px + py, x− y] = 0
. [H ′, P ] = 0 , . II | ξ²〉 .
〈y, pz, pw | ξ²〉 =
( 2
pi²
)3/4 exp[−1
²
(y2 + p2z + p
2
w)] (8.33)
130
,〈y, . . . | ξ²〉 =
( 2
pi²
)1/4 exp[−1
²
y2] . . . (8.34)
, ∆y =
√
² . GMRW
(8.32) K ,
Heff = K +
1
2
κx(w − z) + 1
2
κI · (−y)(w − z) (8.35)
, GMRW (3.139)
Heff = K + k + g~s · (ρˆJˆc − Jˆcρˆ) · ~M (8.36)
.
1
2
κx(w − z)↔ k, g~s · (ρˆJˆc − Jˆcρˆ) · ~M ↔ 12κI · (−y)(w − z)
, ~s↔ I , . Ozawa 1
. , (8.29), (8.30) δ
. Ozawa . (IIA)
(IIB) , . L L = LI +LAII +L
B
II
. LAII , L
B
II IIA, IIB .
M LI , F (M,A) LI +LAII [F (M,A), LI +L
A
II ] = 0
. WAY I+ IIA F (M,A) L ,
. F (M,A) IIB B .
I][IIA + IIB I+ IIA][IIB M F (M,A)
.
M A I + IIA F (M,A) , WAY
.
, IIB B ,
I+ IIA][IIB , WAY ,
L L = LI + LAII + L
B
II .
2 .
, , B B1 F (M,A)
, (∆F = 0) F1 . F (M,A) ,
A ∆A , F (M,A) = F1 M,A
M1, A1 , ∆F = 0
(∆M)2 =
(∂F∂A )
2 |M=M1,A=A1
( ∂F∂M )
2 |M=M1,A=A1
· (∆A)2 (8.37)
2 . , Busch
, . ,
, . , ,
.
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. [F (M,A), LI +LAII ] = 0 [M,LI ] 6= 0 , [A,LAII ] 6= 0
.
(∆A)2 >
| 〈ξ | [A,LAII ] | ξ〉 |2
4(∆LAII)
2 (8.38)
. ξ (IIA) . (8.37), (8.38) ,
(∆M)2 >
(∂F∂A )
2 |1,1
( ∂F∂M )
2 |1,1
· | 〈ξ | [A,L
A
II ] | ξ〉 |2
4(∆LAII)
2 (8.39)
. (8.39) . M,A ,
. . F (M,A) = F1 M,A
M1, A1 ,
M1, A1 ( )Gauss .
| ψ1〉, | ξ1〉 , (8.39) (∆M)2 , Gauss 〈M ′ | ψ1〉
. ψ1
〈ψ1 | (∆M)2 | ψ1〉 >
(∂F∂A )
2 |1,1
( ∂F∂M )
2 |1,1
· | 〈ψ, ξ1 | [A,L
A
II ] | ψ, ξ1〉 |2
4〈ξ1 | (∆LAII)
2 | ξ1〉
(8.40)
. ψ , 1
. (| ψ, ξ1〉 =| ψ〉 | ξ1〉 . )
F (M,A) .
(a) F (M,A) = aM + bA, (b) F (M,A) =M ·A
(a) , [L, aM + bA] = a[LI ,M ] + b[LIIA, A] = 0 (8.40) ,
〈ψ1 | (∆M)2 | ψ1〉 > | 〈ψ | [M,LI ] | ψ〉 |
2
4〈ξ1 | (∆LAII)
2 | ξ1〉
(8.41)
. ψ [M,LI ] c- ψ
. a[LI ,M ] = −b[LIIA, A] , c- . [M,LI ] = ic, c ∈ R
,
〈ψ1 | (∆M)2 | ψ1〉 > c
2
4〈ξ1 | (∆LAII)
2 | ξ1〉
(8.42)
, (8.42) .
Ozawa E[020...] . M = x,A = y, F (M,A) = x − y, [M,L1] =
[x, px] = i~ , c = ~, ,
〈ψ1 | (∆x)2 | ψ1〉 > ~
2
4〈ξ1 | (∆py)2 | ξ1〉
= 〈ξ1 | (∆y)2 | ξ1〉 (8.43)
. (8.34) , 〈ψ1 | (∆x)2 | ψ1〉 > ²2 .
m , p Galilei
. , m′, P . Galilei
Gσ(t) = mq−p(t−σ), G′σ(t) = m′Q−P (t−σ) . q,Q .
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, B . F (M,A) = p/m− P/m′,
, [Gσ(t) +G′σ(t), p/m− P/m′] = 0 , (a) .
t = 0 , (8.42) [p,Gσ(t)] = −im
〈ψ1 | (∆p)2 | ψ1〉 > m
2~2
4〈ξ1 | (∆G′σ(0))2 | ξ1〉
(8.44)
, σ = 0 , Busch , Galilei
ζ = (m~/m′∆Q) . Busch
P {p, P} , Q ({p,Q} ), ζ .
. ,
3. ,
.
(b) F (M,A) . (8.40) ,
〈ψ1 | (∆M)2 | ψ1〉 > M1
2
A1
2 ·
| 〈ψ, ξ1 | [A,LAII ] | ψ, ξ1〉 |2
4〈ξ1 | (∆LAII)
2 | ξ1〉
(8.45)
〈ψ |M | ψ〉 =M1 | ψ〉
〈ψ1 | (∆M)2 | ψ1〉 > | 〈ψ |M | ψ〉 |
2
| 〈ξ1 | A | ξ1〉 |2 ·
| 〈ξ1 | [A,LAII ] | ξ1〉 |2
4〈ξ1 | (∆LAII)
2 | ξ1〉
(8.46)
[LI + LIIA,MA] = A[LI ,M ] +M [LIIA, A] = 0
〈ψ1 | (∆M)2 | ψ1〉 > | 〈ψ | [M,LI ] | ψ〉 |
2
4〈ξ1 | (∆LAII)
2 | ξ1〉
(8.47)
. A[LI ,M ] = −M [LIIA, A] , α [L1,M ] = iαM
. (8.47) .
(b) EOP E[100...] . , 2
( x, p ), ( X, P ) .
M = p,B = X,H = g · pP ,
L1 = −xp, L2 = XP, [L,H] = 0, [L1,H] = −i~pP, [L2,H] = i~pP, [L1, A] = −i~p 6= 0, ,
, H F (M,A) . [L1,M ] = [−xp, p] = −i~p.
(8.47) p1 ,
〈ψ1 | (∆p)2 | ψ1〉 > ~
2p1
2
4〈ξ1 | (∆(XP ))2 | ξ1〉
(8.48)
. Ozawa .
4.
F (M,A) , (a), (b) (8.41), (8.47) .
F (M,A) αm,n
F (M,A) =
∑
αm,nM
mAn (8.49)
3Galilei ( ) , , Galilei , ,
Galilei . , , , .
4 , . , .
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, (8.47) , .
(8.41) (8.47) , F (M,A)
. | 〈ψ | [M,LI ] | ψ〉 |2 F (M,A)
(8.47) . A F (M,A) ,
. .
, 〈ψ |M | ψ〉 =M1 1 | ψ〉 (8.47) ,
(∆LAII)
2 M1 ψ1
( A)
〈ψ1 | (∆M)2 | ψ1〉 > max〈ψ|M |ψ〉=M1
| 〈ψ | [M,LI ] | ψ〉 |2
4〈ξ1 | (∆LAII)
2 | ξ1〉
(8.50)
. , .
F (M,A) , . max〈ψ|M |ψ〉= · · ·
, .
M , A , (8.50)
. . , A A1
, B M1 . A
, ,
M1 . M ,
, 1/2 z- (8.50) .
M1 = ~/2,M2 = −~/2, | φ+〉, | φ−〉 .
x- Jx = sx + Lx . Lx x- . M1
.
| ψ1〉 =
√
1− | c12 |2 | φ+〉+ c12 | φ−〉 (8.51)
| c12 |¿ 1 .
(8.50) . , M1,M2 (8.51) ,
〈ψ1 | (∆M)2 | ψ1〉 = (M2 −M1)2 | c12 |2 . .
〈ψ | M | ψ〉 = M1 φ+ . ,
, .
ψ ,
| ψ〉 =
√
3
2
| φ+〉+ 1
2
eiθ | φ−〉 (8.52)
. θ . (8.50) .
〈ψ | [M,LI ] | ψ〉 =
√
3
4
(M2 −M1)(−e−iθ〈φ− | LI | φ+〉+ eiθ〈φ+ | LI | φ−〉) (8.53)
, θ ,
√
3
2 |M2−M1 | · | 〈φ− | LI | φ+〉 |
, (8.50) ,
| c12 |2> 316 ·
| 〈φ− | LI | φ+〉 |2
〈ξ1 | (∆LAII)
2 | ξ1〉
(8.54)
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. LI = sx, LII = Lx ,
² =| c12 |2 + | c21 |2= 2 | c12 |2> 332 ·
~2
(∆Lx)2ξ
(8.55)
, 1 Yanase .
, . l
, j (−l ≤ j ≤ l) ±l
. (8.54) Ghirardi (3.116) . Ghirardi
(3.104) M , (3.120)
LI , , (3.104)
. (8.50) , , M
.
, ,
, . WAY
M , ,
. , M
. ,
. ,
.
.
, ,
. ,
( )
. ,
.
.
, ,
ψi, (i = 1, 2, 3 . . .) ,
(8.51) ,
ξ1 + + (B1 | B1〉) ρ1
,
ρ1 =| ψ1〉〈ψ1 | ⊗ | ξ〉〈ξ | ⊗ | B1〉〈B1 |
, . GMRW
((3.139)∼(3.141) ), ,
,
. GMRW , Ozawa E[020...]
. (4.4), (4.6) ,
(entangled) . Schro¨dinger
〈x, y, pz, pw | Ω(τ)〉 = ψ(x)
( 2
pi²
)3/4 exp[−1
²
(y2 + (pz − 12τk(x− y))
2 + (pw +
1
2
τk(x− y))2)] (8.56)
. pz, pw Gauss y
√
²
ρ =| Ω(τ)〉〈Ω(τ) | , y , pz − pw
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x ,√
² . (8.56) , ,
. . , σ ,
〈x, y, pz, pw | Ω(0)〉 = δ(x− a) · (δ(y − σ) + δ(y + σ)) · δ(pz − b) · δ(pw − c) (8.57)
,
〈x, y, pz, pw | Ω(τ)〉
= δ(x− a) · δ(y − σ) · δ(pz − b− 12τk(a− σ)) · δ(pw − c+
1
2
τk(a− σ))
+ δ(x− a) · δ(y + σ) · δ(pz − b− 12τk(a+ σ)) · δ(pw − c+
1
2
τk(a+ σ)) (8.58)
. pz − pw = b− c , , pz − pw = b− c+ τk(a− σ)
pz − pw = b− c+ τk(a+ σ) . y , τk = 1 ,
pz − pw = b− c+ a± σ , x a− σ ≤ x ≤ a+ σ .
, δ ,
| Ω(τ)〉 = 1√
2
| a〉x | σ〉y | b+ 12(a− σ)〉Pz | c−
1
2
(a− σ)〉Pw
+
1√
2
| a〉x | −σ〉y | b+ 12(a+ σ)〉Pz | c−
1
2
(a+ σ)〉Pw (8.59)
. , .
ρ =| Ω(τ)〉〈Ω(τ) | TrY [ρ] , x = a
1
2 pz − pw = b− c+ (a− σ) pz − pw = b− c+ (a+ σ)
. .
TrY [ρ] = ρ[x = a]⊗
ρ[pz − pw = b− c+ (a− σ)] ( 12 )ρ[pz − pw = b− c+ (a+ σ)] ( 12 )
x x = a+ σ | Ω′(t)〉
,
TrY [ρ′] = ρ[x = a+ 2σ]⊗
ρ[pz − pw = b− c+ (a+ σ)] ( 12 )ρ[pz − pw = b− c+ (a+ 3σ)] ( 12 )
. pz − pw , x = a x = a+ 2σ
. pz − pw = b− c+(a+ σ) , x = a x = a+2σ
. x = a− 2σ . , ,
a− σ ≤ x ≤ a+ σ .
, pz−pw = a a−σ ≤ x ≤ a+σ
.
±σ . ((8.43) . )
.
(
) .
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.
, .
, (8.51) , ρ0 =| φ+〉〈φ+ | ⊗ | ξ〉〈ξ | ⊗ | B0〉〈B0 |
, von Neumann +
ρ0 → ρ = (1− | c12 |2) | φ+〉〈φ+ | ⊗ | B1〉〈B1 | + | c12 |2| φ−〉〈φ− | ⊗ | B2〉〈B2 | (8.60)
, ξ , | c12 | (8.50)
1 . (8.50)
. von Neumann ,
, , .
, ,
, I][IIB + IIA
. , ,
, .
,
I][IIA + IIB → I+ IIA][IIB → I][IIB + IIA
.
, Ozawa ,
, ,
.
. , , 1 ,
, Araki-Yanase .
, Yanase Araki-Yanase
5 .
M µ′ = ±1,±2,±3, . . . , | µ′〉 .
A ξ′ = ±1 | ±〉
| ξ〉 = c+ | +〉+ c− | −〉, | c+ |2 + | c− |2= 1 (8.61)
. B , bn = 0,±1,±2, . . . . I, IIA, IIB .
L = LI +LAII +L
B
II , [M,LI ] 6= 0 , 1 .
I][IIA+IIB → I+IIA][IIB , I+IIA F (M,A), ([LI+LAII , F (M,A)] = 0)
B . F (M,A) =M ·A , M ·A
µ′ · ξ′ . ,
| µ′〉 | ξ′〉 | 0〉 −→| µ′〉 | sgn[µ′ · ξ′]〉 | µ′ · ξ′〉 (8.62)
I, IIA, IIB . .
| ξ0〉 = 1√
2
(
| +〉+ | −〉
)
,
52.3.4 , 3.3.1 , 3.4.1 , 3.5.2 .
.
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| 0〉 , | m〉, µ′ = m > 0 ,
| m〉 | ξ0〉 | 0〉 −→ 1√
2
| m〉
(
| sgn[m]〉 | m〉+ | sgn[−m]〉 | −m〉
)
(8.63)
. , µ′ = −m ,
| −m〉 | ξ0〉 | 0〉 −→ 1√
2
| −m〉
(
| sgn[−m]〉 | −m〉+ | sgn[m])〉 | m〉
)
, M | m〉, | −m〉 IIA+ IIB .
| m〉 | −m〉 . µ′, µ′′
(
· · ·
)
, .
, I+ IIA][IIB → I][IIB+ IIA
, | m〉 | −m〉 , 12 m,−m .
, .
, Yanase Araki-Yanase
, 1 .
I][IIA + IIB , Araki-Yanase ,
.
Araki-Yanase (3.1)
| φµ,α〉⊗ | ξ〉 →
∑
β
| φµ,β〉⊗ | Φµ,α,β〉
. (8.63) ,
| φµ〉⊗ | ξ〉 →| φµ〉⊗ | Φµ〉
. (8.63)
| m〉︸︷︷︸
|φµ〉
| ξ0〉 | 0〉︸ ︷︷ ︸
|ξ〉
−→ | m〉︸︷︷︸
|φµ〉
(
| sgn[m]〉 | m〉+ | sgn[−m]〉 | −m〉
)
/
√
2︸ ︷︷ ︸
|Φµ〉
Araki-Yanase (3.7)
〈φµ′ | LI | φµ〉〈ξ | ξ〉+ 〈φµ′ | φµ〉〈ξ | LII | ξ〉
= 〈φµ′ | LI | φµ〉〈Φµ′ | Φµ〉+ 〈φµ′ | φµ〉〈Φµ′ | LII | Φµ〉
(8.64)
. , µ 6= µ′ 〈φµ′ | LI | φµ〉 = 0 , Araki-Yanase
. , µ = m, µ′ = −m 〈φµ′ | LI | φµ〉 = 0 ,
.
| Φµ〉 , (3.1) .
,
(1) ,
.
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(2) ( ) .
,
. ,
ξ0 (8.61) , ξ0 µ 6= µ′ 〈φµ′ | LI | φµ〉 = 0
. , ξ′ .
, , ( )
. ,
. Ozawa E[020...] , (3.1) .
.
( B)
, . Ozawa
, 1 ,
,
. ( B) .
, , 2
. , ,
Araki-Yanase 12 .
.
, 1
( ) . .
. 2
. ,
. .
Araki-Yanse ,
. 2
, ,
2 .
Araki-Yanase 1
,
. Yanase
, .
. Matsumoto Yanase ( ) 2
.
1 Araki-Yanase 1 ,
( ). Ozawa
, ,
. , 8.1 . GMRW
, Yanase ,
.
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8.1: .
.
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8.2.2
Ozawa , , ,
, , .
. , Matsumoto ,
. ,
, .
, , ,
, .
, GMRW Ozawa E[020...]
, , B F (M,A) , B
E(M,A) , ([M][A][B]-
) . F (M,A)→ B , F (M,A)
. Ozawa E[020...]
, 1 , GMRW .
.
, , .
, A M
, , F (M,A)
E(M,A) . ,
. , ([M][A=B]- ) .
. Busch .
, , ( A) . (8.48)
. ( A)
.
5 5 , Busch {q,Q} .
,
Hint = κ(p+ P )(q −Q) = κPˇ qˇ (8.65)
. {q,Q}, q Q , Pq
, . 2 Q ,
q −Q , Q , p+ P
. .
, , ,
. (q −Q)(p+ P ) = qp−QP −Qp+ qP .
. ,
. , . qp QP
. qP q → Q . Qp
. , q- δ(q − q0) ,
141
Qi Q1 < Q2 < Q3 < . . . < Qn ,
∑
i δ(Q−Qi) . qP
, kτ = 1
e−iqP δ(q − q0)(
∑
i
δ(Q−Qi)) = δ(q − q0)(
∑
i
δ(Q−Qi − q0)) (8.66)
, . −Qp
eiQpδ(q − q0)(
∑
i
δ(Q−Qi)) =
∑
i
δ(q − q0 +Qi)δ(Q−Qi) (8.67)
, . , P
, .
. ,
. .
, , Matsumoto
, ,
. ,
, (3.5.2
). B 1 .
Matsumoto , ,
. , ,
((3.192) ). Matsumoto ,
Busch , , . ,
. Matsumoto (3.173), (3.174)
Casimir ~J2 , .
, , ( ) , Busch
. Matsumoto , k
,
HM =
1
2k + 1
[(c+ + c−)k + c+ + 2(c+ − c−)(sxLx + syLy + szLz)]
. sxLx , syLy + szLz ,
2 .
, . , Ozawa (8.35)
Heff = K +
1
2
κx(w − z) + 1
2
κI · (−y)(w − z)
, y . Matsumoto ,
ξ0 . ,
x- ,
ξ0 =
1√
2
(| k〉+ eiθ | −k〉)
,
, ξ0 . ,
. , ξ0
. ,
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Ly = 12 (L+ +L−) ‖ L+ξ0 ‖
(L+ξ0 = eiθ
√
k | −k〉). .
2 k 1 : k−1 . 3.5.2 , | ±k〉
x .
(Matsumoto ) .
√
k(k + 1)
, ( )
x-
.
Busch . Busch ζq
ζp , Galilei ,
ζq = ~/∆P, ζp = m~/∆G(0)
6 .
.
, ,
,
. ,
Ozawa
. 10.2.3 Busch ,
. Busch ,
,
.
([M=A][B]- ) . , EOP E[003...]
(6. 2 (2) ) .
M = x,B = X,H = g(xPX + yPY ),
L1 = xpy − ypx, L2 = XPY − Y PX , [L,H] = 0, [L1,M ] = i~y 6= 0
L = L1 + L2 ,
. , .
x , , X-
, , x-
. . ,
.
, x- , .
. ,
, ,
. Schro¨dinger , ∆X .
. ,
.
65. 5
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. ,
.
, x X
,
. , ,
(x, y)
. . ,
. von Neumann ,
.
. von Neumann , Wigner
, ,
,
.
, von Neumann
. Ozawa E[020...]
.
. , E[003...] ,
. , , ,
, . (
,
. , q , q = 0
, q .
, x .)
( )
,
, . E[003...] ,
(x, y) (X,Y ) . ,
, ,
. , .
( ) ,
, . (8.65) .
, ,
, . 2
E[003...] 2 , X- ,
, ( ) .
, GMRW , ,
x˜- x- , .
Jˆ , ~x = (x, y), ~P = (PX , PY ) , 2
H = g~x · Jˆ · ~P . xPX , Jˆ
Jˆ0 =
(
1 0
0 0
)
(8.68)
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, , .
θ , θ = 0 , .
| Ψ0〉 , Jˆ
Jˆ | Ψ0〉 ≈ Jˆ0 | Ψ0〉 (8.69)
. 〈θ | Ψ0〉 θ = 0 Gauss . GMRW
, , θ ≈ 0 , Jˆ
ρ =
(
0 θ
−θ 0
)
(8.70)
,
Jˆ ≈ Jˆ0 + (ρJˆ0 − Jˆ0ρ) (8.71)
.
H = g(xPX − θxPY − θyPX) (8.72)
. Φi = δ(x− a)δ(y − b) · δ(X)δ(Y ) ·Ψ0(θ) H
Φi → Φf = δ(x− a)δ(y − b) · δ(X − a+ θb)δ(Y + θa) ·Ψ0(θ) (8.73)
Φf . x-
, X = a , x = a ± b∆θ .
, ,
E[003...] .
(8.50) . ,
[M,LI ] = −i~y, ∆LAII ·∆θ > ~/2
, | ψ〉
〈ψ′ | x | ψ′〉 = a, 〈ψ′ | y | ψ′〉 = b
〈ψ1 | (∆x)2 | ψ1〉 > max〈ψ|x[y]|ψ〉=a[b]
| 〈ψ | [x, L1] | ψ〉 |2
4〈ξ1 | (∆LAII)
2 | ξ1〉
≈ b2(∆θ)2 (8.74)
. LAII L2 = XPY − Y PX .
, (8.50)
, . , (8.50)
.
( ) , ,
. Ozawa ( E[003...] )
, ,
. , ( )
. , ,
. ( )
. , (8.50)
〈ξ1 | (∆LAII)
2 | ξ1〉 | ξ1〉 ,
, .
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8.2.3
. .
. LIi, (i = 1, 2, ..., n)
.
, = I+ IIA+ IIB
· · · · · · ,M1(= M),M2,M3, · · ·
· · · · · ·A1, A2, A3, · · ·
· · · · · ·B1, B2, B3, · · ·
, n Li = LIi + LAIIi + L
B
IIi, i = 1, 2, ..., n .
M | m〉( m) , .
[M,LI ] 6= 0 Araki-Yanase 1 .
M .
.
,
F = F (M1,M2, .., A1, A2, ...) ∀i, [F,LIi + LAIIi] = 0 . F
k, | k〉 , M , f : m→ k
m k . f .
f M {M} F {F}
. : Πk ≡| k〉〈k | , ∑k Πk = I .
M | m〉 | ξ〉
| m〉 | ξ〉 =
∑
k
Πk | m〉 | ξ〉 =
∑
k
| T km〉
| T km〉 ≡| k〉〈k | (| m〉 | ξ〉) . | B0〉
{| Bk〉}(k = 1, 2, 3, ...), ∀k, ∀k′ 〈Bk | Bk′〉 = δk,k′
,
U | m〉 | ξ〉 | B0〉 =| T km〉 | Bk〉 (8.75)
. , k .
, M≡ {f :M,F, ξ, Li} .
M M . k′
Pk′(m) 〈T k′m | T k
′
m 〉 ,
Pk′(m) = 〈ξ | 〈m | Πk′ | m〉 | ξ〉
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. ( )
Pk′(m) ≈ 1 (k′ = f(m)), Pk′(m) ≈ 0 (k′ 6= f(m))
. | ξ〉 .
M
∑
m′ Pf(m′)(m
′) .
M ( ) N∑
m′
Pf(m′)(m′) = 〈ξ |
(∑
m′
〈m′ | Πf(m′) | m′〉
)
| ξ〉 ≈ N
.
ΛF .
ΛF ≡
∑
m′
〈m′ | Πf(m′) | m′〉 (8.76)
〈ξ | ΛF | ξ〉
∑
m′ Pf(m′)(m
′) , 〈ξ | ξ〉 = 1 ( )
| ξ0〉
δJ [ξ] = δ[〈ξ | ΛF | ξ〉 − λ〈ξ | ξ〉] = 0
.
ΛF | ξ〉 = λ | ξ〉 (8.77)
. λmax , | ξ0〉 ,
. | ξ0〉 . M0 ≡ {f : M,F, ξ0, Li}
.
λmax Yanase (3.68) .
εmin ≡ N − λmax (8.78)
. M0 .
| ξ〉 M
ε ≡ N − 〈ξ | ΛF | ξ〉〈ξ | ξ〉 (8.79)
. M ,
M0 εmin . .
(1) M0 = {f : sz, ~J · ~J, ξ0, ~J} 12 z- k~
,
~J = ~s+ ~L
, ~J · ~J(Casimir ) . sz sz ~/2,−~/2
Casimir 2 k(k + 1/2), k(k − 1/2) f .
ΛF = 1 +
2
2k + 1
Lz (8.80)
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. ΛF | ξ〉 = λ | ξ〉 λmax = 1 + 2k/(2k + 1)
| ξ0〉 =| k〉 (Lz | k〉 = k | k〉) .
εmin = 2− λmax = 12k (8.81)
. Matsumoto Ghirardi . 1 ΛF Lz
. .
(2) M = {f : sz, h, ξ, ~J}
1
2 z- ~L ,
~J = ~s+ ~L . ~P (helicity)
h =
~s · ~P
| ~P |
.
ΛF = 1 +
Pz
| ~P | (8.82)
ε =
1
2
(∆Px)2 + (∆Py)2
| ~P |2 (8.83)
. [Lx, Py] = i~Pz [Ly, Px] = −i~Pz | ξ〉
(∆Py)2ξ · (∆Lx)2ξ ≥
~2
4
| 〈ξ | Pz | ξ〉 |2
(∆Px)2ξ · (∆Ly)2ξ ≥
~2
4
| 〈ξ | Pz | ξ〉 |2
ε =
~2
8
( 1
(∆Lx)2ξ
+
1
(∆Ly)2ξ
)
(8.84)
. ,
, Matsumoto,Ghirardi (8.31) . 1
ΛF =
3
2
( Pz
| ~P |
)2
+
Pz
| ~P | +
1
2
, ε =
~2
2
( 1
(∆Lx)2ξ
+
1
(∆Ly)2ξ
)
.
M , F
. , ,
.
8.2.4 Busch
Busch , ,
.
148
Busch ,
(8.7) | η0〉 , . {q,Q} ,
.
M , c > 0
M =
∫
q′>c
|q′〉〈q′| dq′ −
∫
q′<c
|q′〉〈q′| dq′ (8.85)
. Busch (8.7) q = c ,
. supp〈q | η0〉 = [−a, a] , χ[−a,a] 〈q | η0〉 . δ ¿ a
〈q | η0,−a〉 = χ[−a,−a+δ], 〈q | η0,a〉 = χ[a−δ,a] | η0,−a〉, | η0,a〉 .
[−a, a] . | η0〉 | η0,−a〉+ | η0,a〉 .
, . ,
²¿ c , ψ−, ψ+ q = c q = c− ², q = c+ ²
.
. Busch {q,Q} Busch .
Busch ( B ) (
A) ( P ∼ P ), A→ B
∼ B →∼ A Busch ∼ B ∼ A A .
. , M (8.85) , q = c
. ,
q −Q ,
| ψ+〉(| η0,−a〉+ | η0,a〉)→ U | ψ+〉 | η0,−a〉+ U | ψ+〉 | η0,a〉 (8.86)
, c−a+ ², c+a+ ² .
, [q −Q, p+ P ] = 0 . Busch
, ² , ,
a 〈Q | η0,−a〉, 〈Q | η0,a〉 . c
, , c+a+ ², c−a+ ² F (c+a+ ²), F (c−a+ ²)
U ,
supp〈q,Q | (F (c+ a+ ²) | ψ+〉 | η0,a〉) ⊂ (−∞,∞)× [a,∞) (8.87)
supp〈q,Q | (F (c− a+ ²) | ψ+〉 | η0,−a〉) ⊂ (−∞,∞)× [a,∞) (8.88)
. a .
, ² , Busch . q −Q c
, ² . Busch
. c ∈ [c0 − a′, c0 + a′], a′ > 0 , a > a′ Busch (4.9)(
ψb+, ψ−
) (
ηb0, η0
)
=
(
ψ˜b+, ψ˜−
)(
ηb+, η−
)
, (8.89)
0 <| b |< 2a b 0 , Busch
. , a > a′ (4 3 Busch ).
a < a′ , c (8.87)(8.88) ² F (c+a+²), F (c−a+²)
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, ψ+ 〈Q | η0,−a〉, 〈Q | η0,a〉
(−∞,∞)× (−∞,−a] (−∞,∞)× [a,∞) . Busch
, . ψ− ψ+ ² .
, M , q = c ±a
. .
, Busch .
M , ,
( ) ,
.
Bucsh , ,
( , , Galilei )
, .
( ) .
, .
, ,
Gailiei .
8.2.5
, .
, , ,
. ,
.
. ,
, . Yanase
, ,
, .
(squeezed state) ,
. ,
. Matsumoto
, ( z- )
z- . .
. ,
, , .
.
, ( D). ,
. , , WAY
. ,
(contraction state) . ( C).
( D). Busch-
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(4 ).
, .
. ,
C . ,
. ,
,
.
8.2.6
,
, ,
.
, , ,
,
. ,
, .
, von Neumann ,
. ,
,
, ,
.
, Peres [64].
, . ,
, .
, Bohm
Aharonov ,
. Peres ,
,
. ,
,
. , ,
. Peres ,
, , .
, ,
. , .
, , ,
, .
,
.
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8.3
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· · · ,
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. , ,
. ,
. ,
. , ,
. von Neumann ,
, ,
, .
, ,
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. , .
I][II , II , ,
,
. , I + II][III , I + II
, I][II .
I+ II][III . ,
. Wigner-Araki-Yanase ,
.
.
. Yanase
( )
, .
, ,
, .
,
. ,
. , Ozawa
1 ,
.
,
. ,
,
.
.
.
,
,
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A(5.1) (5.7) . (5.1) ,
U |p, P, τ〉 = g|α, β, ρ〉 (A.1)
g g(p, P, τ) . α = α(p, P, τ), β = β(p, P, τ), ρ = ρ(p, P, τ) .
,
U =
∑
τ
∫
dpdPg | α, β, ρ〉〈p, P, τ | (A.2)
. ,
U† =
∑
τ
∫
dpdPg∗ | p, P, τ〉〈α, β, ρ | (A.3)
U†U = UU† = I .
(A.1), (A.2)
U†U =
∑
τ,τ ′
∫
dpdPdp′dP ′g∗ | p, P, τ〉〈α, β, ρ | α′, β′, ρ′〉〈p′, P ′, τ ′ | g′ (A.4)
g′ = g(p′, P ′, τ ′) , α′ . U†U = I
g∗〈α, β, ρ | α′, β′, ρ′〉′g′ = δ(p− p′)δ(P − P ′)δτ,τ ′ (A.5)
.
UU† =
∑
τ,τ ′
∫
dpdPdp′dP ′g | α, β, ρ〉〈p, P, τ | p′, P ′, τ ′〉〈α′, β′, ρ′ | g∗′
=
∑
τ
∫
dpdP | g |2| α, β, ρ〉〈α, β, ρ | (A.6)
. g g〈α, β, ρ | α′, β′, ρ′〉g′ = δ(p− p′)δ(P −P ′)δτ,τ ′ .
, J = p− P, J ′ = p′ − P ′ (5.2)∼(5.6) , .
(i) J ′ > 0, τ ′ = +1
(ii) J ′ < 0, τ ′ = +1
(iii) J ′ > 2
√
E τ ′ = −1
(iv) − 2
√
E < J ′ < 2
√
E, τ ′ = −1
(v) J ′ < −2
√
E τ ′ = −1
(i) . (A.5) , f(p, P, τ)∑
τ
∫
J>0,τ=+1
dpdPf(p, P, τ)g∗〈α, β, ρ | α′, β′, ρ′〉g′ = f(p′, P ′, τ ′) (A.7)
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. (i)∫
J>0,τ=+1
dpdPf(p, P, τ)g∗〈α, β, | α′, β′〉g′ = f(p′, P ′, τ ′) | g(p′, P ′,+1) |2
√
J ′2 + 4E
J ′
(A.8)
. , 〈α, β, | α′, β′〉 = δ(α−α′)δ(β − β′) , p, P α, β ,
| ∂(p, P )/∂(α, β) | . (α− β)/√(α− β)2 − 4E ,
f(p′(α′, β′), P ′(α′, β′),+1) | g(p′(α′, β′), P ′(α′, β′),+1) |2 (α′ − β′)/
√
(α′ − β′)2 − 4E
, p′, P ′ f(p′, P ′,+1) .
| g(p′(α′, β′), P ′(α′, β′),+1) |2=
√
(α′ − β′)2 − 4E
(α′ − β′) =
J ′√
J ′2 + 4E
(A.9)
.
, (ii) ∼ (v) (A.6) | g(p, P, τ) |
,
(ii)
∫
J<0,τ=+1
dpdPf(p, P, τ)g∗〈α, β, | α′, β′〉g′ = f(p′, P ′, τ ′) | g(p′, P ′,+1) |2
√
J ′2 + 4E
| J ′ | (A.10)
(iii)
∫
J>2
√
E,τ=−1
dpdPf(p, P, τ)g∗〈α, β, | α′, β′〉g′ = f(p′, P ′, τ ′) | g(p′, P ′,−1) |2
√
J ′2 − 4E
J ′
(A.11)
(iv)
∫
−2√E<J<2√E,τ=−1
dpdPf(p, P, τ)g∗〈α, β, | α′, β′〉g′ = f(p′, P ′, τ ′) | g(p′, P ′,−1) |2 (A.12)
(v)
∫
J<−2√E,τ=−1
dpdPf(p, P, τ)g∗〈α, β, | α′, β′〉g′ = f(p′, P ′, τ ′) | g(p′, P ′,−1) |2
√
J ′2 − 4E
| J ′ | (A.13)
,
|g(p, P, τ)|−2 =

√
J2 + 4E/|J | τ = +1
√
J2 − 4E/|J | |J | > 2√E, τ = −1
1 |J | < 2√E, τ = −1
(A.14)
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(5.7) . | g |−2 ,
〈α, β, ρ | α′, β′, ρ′〉 =| g |−2 δ(p− p′)δ(P − P ′)δτ,τ ′ (A.15)
. | ψ〉 UU† | ψ〉 .
| ψ′〉 = UU† | ψ〉 =
∑
τ
∫
dpdP | g |2| α, β, ρ〉〈α, β, ρ | ψ〉 (A.16)
, 〈α′, β′, ρ′ |
〈α′, β′, ρ′ | ψ′〉 =
∑
τ
∫
dpdP | g |2 〈α′, β′, ρ′ | α, β, ρ〉〈α, β, ρ | ψ〉 = 〈α′, β′, ρ′ | ψ〉 (A.17)
. | α, β, ρ〉 ((5.1)∼ (5.6)) . | ψ′〉 =| ψ〉 .
, UU† = I .
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B SU(2)
1 SU(2)
[21]∼[24]. N 12 SU(2) (7.21) .
| α, β〉〉N = eαNΣ−eβNΣzeγNΣ+ | 0〉〉 ≡
N∏
n=1
| α, β(n)〉〉1 (B.1)
| α, β(n)〉〉1 n N = 1 SU(2) .
.
〈〈α, β | α′, β′〉〉N =
N∏
n=1
〈〈α, β(n) | α′, β′(n)〉〉1 = [〈〈α, β | α′, β′〉〉1]N (B.2)
〈〈α, β(n) | α′, β′(n)〉〉1 ≡ 〈〈α, β | α′, β′〉〉1 n .
u−1(α, β)u(α′, β′) ≡ u(α′′, β′′) (B.3)
eβ
′′
= eβ
∗+β′(1 + α∗α′) (B.4)
( u(α, β) (7.21) ) N = 1
〈〈α, β | α′, β′〉〉1 = 〈〈0 | u−1(α, β)u(α′, β′) | 0〉〉1 ≡ 〈〈0 | u(α′′, β′′) | 0〉〉1 = eβ′′ (B.5)
σ− | 0〉〉 = 0 σz | 0〉〉 = 0 . (B.2)
〈〈α, β | α′, β′〉〉N = [eβ∗+β′(1 + α∗α′)]N (B.6)
. Σi . | α, β〉〉l (l = 1, 2, 3, · · ·)
Σi
〈〈α, β | Σi | α, β〉〉N = 1
N
N∑
n=i
〈〈α, β | σ(n)i | α, β〉〉N
=
1
N
N∑
n=i
〈〈α, β(n) | σ(n)i | α, β(n)〉〉1 = 〈〈α, β | σi | α, β〉〉1 (B.7)
. 〈〈α, β | σi | α, β〉〉1 = 〈〈α, β(n) | σ(n)i | α, β(n)〉〉1 n .
〈〈α, β | σi | α, β〉〉1 = ∂
∂t
〈〈α, β | etσi | α, β〉〉1 |t=o
=
∂
∂t
〈〈0 | u−1(α, β)etσiu(α, β) | 0〉〉1 |t=0
=
∂
∂t
eβ
′ |t=0 (B.8)
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( u−1(α, β)etσiu(α, β) ≡ eα′σ−eβ′σzeγ′σ+ ) .
〈〈α, β | Σx | α, β〉〉N = α+ α
∗
1+ | α |2 (B.9)
〈〈α, β | Σy | α, β〉〉N = −i α− α
∗
1+ | α |2 (B.10)
〈〈α, β | Σz | α, β〉〉N = 1− | α |
2
1+ | α |2 (B.11)
Σi σ(Σi)2 , Σ2i .
〈〈α, β | Σ2i | α, β〉〉N =
1
N2
N∑
n=1
〈〈α, β | σ(n)i σ(m)i | αβ〉〉N
=
1
N2
N∑
n=1
〈〈α, β | (σ(n)i )2 | αβ〉〉N +
1
N2
N∑
n6=m
〈〈α, β | σ(n)i σ(m)i | αβ〉〉N
=
1
N
+
N − 1
N
〈〈α, β | Σi | α, β〉〉2N (B.12)
Σi
σ(Σi)2 =
1
N
[1− 〈〈α, β | Σi | α, β〉〉2N ] (B.13)
, .
σ(Σx) =
1√
N
√
(1− α2)(1− α∗2)
1+ | α |2 (B.14)
σ(Σy) =
1√
N
√
(1 + α2)(1 + α∗2)
1+ | α |2 (B.15)
σ(Σz) =
2√
N
| α |
1+ | α |2 (B.16)
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C. SQL)
. SQL Ozawa
SQL
. Ozawa . Ozawa , SQL
. Ozawa ,
. , Ozawa SQL
. ,
, . Galilei ,
.
C.1 (SQL)
(SQL) , m τ
,
〈∆q2(τ)〉SQL = ~τ
m
(C.1)
. .
t = 0 ∆q , ,
∆p > ~/∆q . τ , , ~τ/m∆q
. τ , ∆q+ ~τ/m∆q ,
√
~τ
m
. . , ,
τ ,
[65][66].
Yuen , [67]. .
q Heisenberg ) τ , q(τ) = q(0) + τp(0)/m . , τ
〈∆q2(τ)〉 = 〈∆q2(0)〉+ 〈∆p2(0)〉τ2/m2 + 〈∆q(0)∆p(0) + ∆p(0)∆q(0)〉τ/m (C.2)
. SQL 〈∆q(0)∆p(0) + ∆p(0)∆q(0)〉τ/m
, . , , (contraction
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state) . .
µ, ν, α, ω | µ, ν, α, ω〉 q 〈q | µ, ν, α, ω〉
〈q | µ, ν, α, ω〉 = A exp[−B(q − Cα1)2 + iDα2(q − Cα1)] (C.3)
. ,
A = [
mω
pi~ | µ− ν |2 ]
1/4, B =
mω
2~
1 + iξ
| µ− ν |2 , C = (
2~
mω
)1/2, D = (
2mω
~
)1/2,
ξ = =(µ∗ν), α = α1 + iα2, (α1, α2 ∈ R)
. ξ > 0 ,
. (C.3)
〈q〉 ≡ 〈µ, ν, α, ω | q | µ, ν, α, ω〉 = ( 2~
mω
)1/2α1, 〈p〉 = (2~mω)1/2α2 (C.4)
〈∆q2〉 = 2~ζ
mω
, 〈∆p2〉 = 2~mωη (C.5)
ζ ≡ | µ− ν |
2
4
, η ≡ | µ+ ν |
2
4
, ζη =
1 + 4ξ2
16
(C.6)
〈∆q∆p〉 = i~
2
− ξ~, 〈∆p∆q〉 = − i~
2
− ξ~ (C.7)
〈 p
2
2m
〉 = ~ω(α22 + η) (C.8)
. , (C.3)
m〈∆q2(t)〉
2~
=
ζ
ω
− ξt+ ηωt2 (C.9)
ξ > 0 , 〈∆q2(t)〉 . , 〈∆q2(t)〉 t = 0
ζ/ω , t = ξ/2ηω 1/16ωη , .
m〈∆q2(t)〉
2~t
=
√
1
4
+ ξ2 − ξ (C.10)
(C.1) , ξ 1/8ξ , ξ ,
〈∆q2(t)〉/t . , ,
, SQL . Ozawa
[68].
C.2 SQL Ozawa
Ozawa . q1 p1, m1
, , q2 p2, m2 . ψ(q1)
Φ(q2) . | µν0ω〉 . µ, ν, ω
. Φ(q2) 〈q2 | µν0ω〉 , Ψi
〈q1, q2 | Ψi〉 = ψ(q1)Φ(q2)
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1 . Ψi −→ Ψf Schro¨dinger . Ψf
〈q1, q2 | Ψf 〉 = ψ(q2)Φ(q2 − q1)
. q2 q2∫
| ψ(q2)Φ(q2 − q1) |2 dq1 =| ψ(q2) |2
, , .
CΦ(q2 − q1), (| C |= 1)
, C〈q1 | µνq2ω〉 . ,
. SQL . Ozawa t = −τ, (τ > 0 )
Ψi t = 0 Ψf .
H =
Kpi
3
√
3
[2(q1p2 − q2p1) + (q1p1 − q2p2)] (C.11)
. Schro¨dinger , 0 〈q1, q2 | Ψ0〉 = f(q1, q2)
t ,
〈q1, q2 | Ψt〉
= f(
2
3
√
3[q1 sin(
1
3
(1−Kt)pi) + q2 sin(13Ktpi)], (C.12)
2
3
√
3[−q1 sin(13Ktpi) + q2 sin(
1
3
(1 +Kt)pi)])
. Kτ = 1 , t = −τ Ψi t = 0 , Ψf .
Ozawa , SQL ,
. . P
p1 ⊗ I + I ⊗ p2 , Ψi Ψf eiPb(∀b ∈ R) .
〈Ψi | eiPb | Ψi〉 = 〈Ψf | eiPb | Ψf 〉
, ∫
dq1ψ
∗(q1)eip1bψ(q1)
∫
dq2Φ∗(q2)eip2bΦ(q2)
=
∫ ∫
dq1dq2ψ
∗(q2)Φ∗(q2 − q1)eiPbψ(q2)Φ(q2 − q1) (C.13)
. Q ≡ (m1q1 +m2q2)/(m1 +m2) q ≡ q1 − q2∫
dq | Φ(−q) |2
∫
dQψ∗(Q− (m1/M)q)eiPbψ(Q− (m1/M)q)
. M = m1 +m2 .
∫
dq | Φ(−q) |2= 1 (C.13)∫
dq1ψ
∗(q1)ψ(q1 + b)
∫
dq2Φ∗(q2)Φ(q2 + b) =
∫
dQψ∗(Q)ψ(Q+ b) (C.14)
1 , Galilei {Q} Gauss
.
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. , ψ
∫
dq2Φ∗(q2)Φ(q2 + b) = 1
. Φ(q2)
, SQL , .
ψ(q1)Φi(q2) → ψ(q2)Φf (q2 − q1) [−ω, ω] Ω
.
. , b /∈ Ω , ∫ dq1ψ∗(q1)ψ(q1 + b) = 0 .
∀b ∈ Ω, ∫ dq2Φ∗i (q2)Φi(q2 + b) ≈ 1 , . ,
Φi(q2) = (2/piσ2)1/4e−q
2
2/σ
2
(C.15)
. σ σ À ω .∫
dq2Φ∗i (q2)Φi(q2 + b) = e
−b2/2σ2 (C.16)
, ∀b ∈ Ω, e−b2/2σ2 ≈ 1 . σ →∞ ω → 0 (C.14)
. , ψ(q1)Φi(q2) → ψ(q2)Φf (q2 − q1)
SQL . ,
Φi(q2) ∀b ∈ Ω,
∫
dq2Φ∗i (q2)Φi(q2 + b) ≈ 1 .
SQL , ψ(q1)Φi(q2)
.
Galilei . Galilei
G(t) = m1q1 +m2q2 − p1t− p2t = G1(t) +G2(t) =MQ− Pt (C.17)
G1 = m1q1− p1t, G2−m2q2− p2t,M = m1+m2 , ψ(q1)Φi(q2)→ ψ(q2)Φf (q2− q1)
Galilei
〈Ψ(−τ) | G(−τ) | Ψ(−τ)〉 = 〈Ψ(0) | G(0) | Ψ(0)〉
(∀v ∈ R), 〈Ψ(−τ) | eiG(−τ)v | Ψ(−τ)〉 = 〈Ψ(0) | eiG(0)v | Ψ(0)〉
.
〈Ψ(−τ) | eiG(−τ)v | Ψ(−τ)〉
=
∫
dq1
∫
dq2ψ
∗(q1)Φ∗i (q2)e
i(m1q1+m2q2+p1τ+p2τ)vψ(q1)Φi(q2) (C.18)
〈Ψ(0) | eiG(0)v | Ψ(0)〉
=
∫
dq1
∫
dq2ψ
∗(q2)Φ∗f (q2 − q1)ei(m1q1+m2q2)vψ(q2)Φf (q2 − q1) (C.19)
. (C.19) Q,P
q ≡ q1 − q2, p ≡ m1m2(m1 +m2)
( p1
m1
− p2
m2
)
〈Ψ(0) | eiG(0)v | Ψ(0)〉 =
∫ ∫
dqdQ | Φf (−q) |2 · | ψ(Q− (m1/M) · q) |2 eiMQv
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, ∫
dq | Φf (−q) |2 eim1qv
∫
dQ′ | ψ(Q′) |2 eiMQ′v
. Q′ = Q− (m1/M) · q . (C.18) Hausdorff
eA+B = e−1/2·[A,B]eAeB , ([A, [A,B]] = [[A,B], B] = 0)
.
〈Ψ(−τ) | eiG(−τ)v | Ψ(−τ)〉
= ei1/2·Mv
2τ
∫
dq1e
im1q1vψ∗(q1)ψ(q1 + τv)
∫
dq2e
im2q2vΦ∗i (q2)Φi(q2 + τv) (C.20)
ei1/2·Mv
2τ
∫
dq1e
im1q1vψ∗(q1)ψ(q1 + τv)
∫
dq2e
im2q2vΦ∗i (q2)Φi(q2 + τv)
=
∫
dq | Φf (−q) |2 eim1qv
∫
dQ′ | ψ(Q′) |2 eiMQ′v (C.21)
Galilei . Φf 〈−q | µν0ρ〉 SQL
.
∀v ∈ R, 〈Ψ(−τ) | eiG(−τ)v | Ψ(−τ)〉 = 〈Ψ(0) | eiG(0)v | Ψ(0)〉
ψ, 〈q1 | ψ〉 = 1√∆χ[−∆/2,∆/2] . χ , ∆
. τv > ∆
〈Ψ(−τ) | eiG(−τ)v | Ψ(−τ)〉 = 0
. τv > ∆ v 〈Ψ(0) | eiG(0)v | Ψ(0)〉 6= 0 v .
Galilei . ,
.
SQL .
.
. Galilei . Galilei
ψ(q1)Φi(q2)→ ψ(q2)Φf (q2 − q1) .
. ,
Φf .
ψ . supp(ψ(q1)) ⊂ [−ω, ω] , σ À ω
σ Φi(q2) = (2/piσ2)1/4e−q
2
2/σ
2
. .
Φ∗i (q2)Φi(q2 + τv) = (2/piσ
2)1/2eτ
2v2/2σ2e−2(q2+τv/2)
2/σ2
≈ (2/piσ2)1/2e−2(q2+τv/2)2/σ2
. eτ
2v2/2σ2 ≈ 1 , τv ≤ 2ω ¿ σ . | τv |≥ 2ω
ψ
∫
dq1e
im1q1vψ∗(q1)ψ(q1 + τv) = 0 .
ei1/2·Mv
2τ
∫
dq1e
im1q1vψ∗(q1)ψ(q1 + τv)
∫
dq2e
im2q2vΦ∗i (q2)Φi(q2 + τv)
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= ei1/2·m1v
2τ
∫
dq1e
im1q1vψ∗(q1)ψ(q1 + τv)e−σ
2m22v
2/8
. (C.21) Galilei ∀v ∈ R, supp(ψ) ⊂ Ω = [−ω, ω],
ei1/2·m1v
2τ
∫
dq1e
im1q1v)ψ∗(q1)ψ(q1 + τv)e−σ
2m22v
2/8
=
∫
dq | Φf (−q) |2 eim1qv
∫
dQ′ | ψ(Q′) |2 eiMQ′v (C.22)
. supp(ψ) ⊂ Ω = [−ω, ω] ψ
, Φf . 〈q1 | ψ〉 = 1√∆χ[−∆/2,∆/2]
. ψ∗(q1)ψ(q1 + τv) −∆/τ < v < ∆/τ . Fourier∫
dq1e
im1q1vψ∗(q1)ψ(q1 + τv)
−∆/τ < v < ∆/τ , 0 .∫
dQ′ | ψ(Q′) |2 eiMQ′v = sin(M∆v/2)
(M∆v/2)
, Θ[−∆/τ,∆/τ ](v) −∆/τ < v < ∆/τ , (C.22)
Θ[−∆/τ,∆/τ ](v)e−σ
2m22v
2/8 =
∫
dq | Φf (−q) |2 eim1qv sin(M∆v/2)(M∆v/2) (C.23)
. . sin(M∆v/2)/(M∆v/2) (M∆)−1 v
. ∆ , τ
∫
dq | Φf (−q) |2 eim1qv ∆/τ
. | Φf (−q) |2 Fourier , | Φf (−q) |2 (∆/τ)−1 q
. .
Galilei , ψ(q1)Φi(q2)→ ψ(q2)Φf (q2 − q1) , Φf (−q) ψ
, supp(ψ) = ∆ supp(Φf (−q)) (∆/τ)−1
. Φf (−q) , ,
.
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DSalecker-Wigner
1. Salecker-Wigner
2. Salecker-Wigner
3. Salecker-Wigner
Salecker Wigner ,
[27]. , ,
. ,
. ,
, . C SQL
. ,
, . Salecker Wigner ,
, ,
, .
,
. , SQL ,
.
D.1 Salecker-Wigner
Salecker Wigner , M
, T , τ , c ,
.
M > (~/c2τ)(T/τ)
1
2 (D.1)
, .
(D.1) . , τ
, , ~/cτ . ,
~/Mcτ . T , T1
, T2 , .
. Salecker Wigner , T = 0
A , T1 + T2 B
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D.1: Salecker-Wigner γ .
A→ D → C , A→ D → B .
T0 , .
, . , AB T0 .
, B , C
D T ′2 . D.1
Minkowski , ,
T0 = [(T1 + T ′2)
2 − (~T2/Mc2τ)2] 12 (D.2)
.
T0 ≈ T1 + T ′2 −
( ~T2Mc2τ )
2
2(T1 + T ′2)
(D.3)
. T ′2
T ′2 = [T
2
2 + (~T2/Mc2τ)2]
1
2 ≈ T2 + 12T2(
~
Mc2τ
)2 (D.4)
. (D.3), (D.4)
T0 − (T1 + T2) ≈ T1T22(T1 + T2) (
~
Mc2τ
)2 (D.5)
τ T (D.1)
.
Salecker Wigner ,
, , . ,
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cτ ∆Q , T ,
. ∆Q < cτ , T C
SQL (C.1), ∆QSQL = (~T/M)
1
2 . , ,
M > (~/c2τ)(T/τ) (D.6)
. (D.1) (D.6) , ,
, T ,
,
. , . ,
.
D.2 Salecker-Wigner
,
, Salecker Wigner
. , , m, q, p, , ,
M,Q,P . , , ,
. T0
, . v ,
, , T = T0/
√
1− β2
β = v/c .
, ,
, ,
. 2 .
, , .
D.2
2 , Einstein-Podolsky-Rosen [69] ,
Ψ(q,Q) =
∫ ∞
−∞
exp [
i
~
(q −Q+X0)p]dp (D.7)
. X0 . 0 2
, , 2 .
Ψ(q,Q) = C exp [−∆σ
2
2~
(q −Q−X0)2 − i~P0(q −Q−X0)] (D.8)
C , P0 , . ,
, .
(D.7) , EPR , ,
, , X0
. [pˆ + Pˆ , qˆ − Qˆ] = 0 , ,
,
. , (D.8) , ∆σ →∞ . , ∆σ
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D.2: m ,
.
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. , Schro¨dinger
, (D.8) .
, (D.8) , ,
. von Neumann
[40].
, ,
. , ,
. {ψµ,ν(q)}, µ, ν = 0,±1,±2,±3, . . . .
ψµ,ν(q) = (
γ
~pi
)
1
4 exp [− γ
2~
[q − µ(2pi~
γ
)
1
2 ]2 + i(
2piγ
~
)
1
2 νq] (D.9)
Schmit {φµ,ν(q)}, µ, ν = 0,±1,±2,
± 3, · · · . , µ = µ˜, ν = ν˜ , φµ˜,ν˜(q) = ψµ˜,ν˜(q)
. φµ,ν(q) ,
| µ, ν〉 =
∫
dqφµ,ν(q) | q〉 (D.10)
. γ .
qˆ′ =
∑
µ,ν
(
2pi~
γ
)
1
2µ | µ, ν〉〈µ, ν | (D.11)
pˆ′ =
∑
µ,ν
(2pi~γ)
1
2 ν | µ, ν〉〈µ, ν | (D.12)
, [qˆ′, pˆ′] = 0 .
, q′µ = (2pi~/γ)
1
2µ p′ν = (2pi~γ)
1
2 ν | µ, ν〉 .
(2pi~/γ) 12 µ˜ (2pi~γ) 12 ν˜ | µ˜, ν˜〉 , φµ˜,ν˜(q) = ψµ˜,ν˜(q) ,
| µ˜, ν˜〉 =
∫
dqψµ˜,ν˜(q) | q〉 (D.13)
. , qˆ′, pˆ′ (2pi~/γ) 12 µ˜
(2pi~γ) 12 ν˜ ,
ψµ˜,ν˜(q) = (
γ
~pi
)
1
4 exp [− γ
2~
[q − µ˜(2pi~
γ
)
1
2 ]2 + i(
2piγ
~
)
1
2 ν˜q] (D.14)
. , +
| Ψ〉 (D.8)
| Ψ〉 =
∫∫
dqdQ | q〉 | Q〉Ψ(q,Q) (D.15)
. qˆ′, pˆ′ , (2pi~/γ) 12 µ˜
(2pi~γ) 12 ν˜ , | Ψ〉 →| Ψ˜〉 =| µ˜ν˜〉〈µ˜ν˜ | Ψ〉 . 〈µ˜ν˜ | Ψ〉
. , K , ∆σ2 À γ
〈µ˜ν˜ | Ψ〉 ≈ K
∫
dQ | Q〉 exp [− γ
2~
[Q+X0 − µ˜(2pi~
γ
)
1
2 ]2 − i(2piγ
~
)
1
2 ν˜Q
]
(D.16)
, P0 0 .
. . (D.16) , ,
168
. , Q′ = −X0+µ˜(2pi~/γ) 12
, P ′ = −(2pi~γ) 12 ν˜ , ,
,
∆Q = ∆q =
√
~
γ
(D.17)
∆P = ∆p =
√
~γ (D.18)
. , q′ −Q′ = X0 ,
, ², E ,
t′ .
t′ =
²E
²+ E
X0
c2ν˜
( 1
2pi~γ
) 1
2 (D.19)
, ,
. , ,
, .
, . µ, ν ,
, .
, τ1 . (D.17)
. ,
, . τω , ∆q
.
τω =
∆q
(pc
2
² ) + (
Pc2
E )
=
²E
E + ²
∆q
pc2
(D.20)
τω ∆q v = pc2/² τ0 = (²/pc2)∆q,
, τ0 > τω , τω τ0 .
τ1 = τ0 .
, T0 T
T =
E
Mc2
T0 (D.21)
,
∆T =
∆E
Mc2
T0 (D.22)
, ,
. ∆E . | p |=| P | ∆p = ∆P , ∆E = (∂E/∂P )∆P,∆² = (∂²/∂p)∆p
,
∆E =
(∂E/∂P )
(∂²/∂p)
∆² (D.23)
. , τ1∆² ∼ ~ (D.21), (D.22) ,
∆T =
²
E2
~T
τ1
(D.24)
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. τ ∆T + τ1 .
(τ1 +
²
E2
~T
τ1
)2 ≥ ²
E2
~T (D.25)
, ,
τ2 >
²~T
E2
(D.26)
. τ0 = (²/pc2)∆q (D.17) , γ
.
,
À
M0 , ²
, .
²
c2
=
M0
2
− 1
2M0
(M2 −m2) (D.27)
E
c2
=
M0
2
+
1
2M0
(M2 −m2) (D.28)
M0 À M,m , , ² ≈ E , ² ≈ pc ,
(D.26)
τ >
√
~T
pc
(D.29)
. ∆q ∼ ~/p
, .
D.3 Salecker-Wigner
(D.1) Salecker-Wigner . M0 ≈ M +m , 1
.
(i) m 6= 0
, E P 2 ,
∆E =
(∂E
∂P
)
P=0
∆P +
1
2
(∂2E
∂P 2
)
P=0
(∆P )2 + · · · = 0 + (∆P )
2
2M
+ · · · (D.30)
,
∆² =
(∆p)2
2m
∼ ~
τ1
(D.31)
, ∆E ∼ (m/M)(~/τ1), ∆T = (∆E/E)T , E =Mc2 ,
τ2 = (τ1 +∆T )2 > (
m
M
)
~T
Mc2
(D.32)
.
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(ii) m = 0
² p 1 . (∂²/∂p) = c.
∆² = c∆p . ∆E ∼ (~/cτ1)2/2M ,
∆T ∼ T
2M2c2
(
~
cτ1
)2 (D.33)
, τ = τ1 +∆T
τ3 >
~2T
M2c4
(D.34)
. ,
M2 >
T
τ
( ~
c2τ
)2 (D.35)
(D.35) Salecker-Wigner (D.1) .
(D.32) . ,
, , m/M
, . (D.1) (D.35) ,
, .
, . ,
m/M . , (D.1)
.
. , von Neumann
, | µ˜, ν˜〉 (D.9) . ,
. | µ, ν〉 ,
, Schmit , (D.9) .
| µ′, ν′〉 , (D.9) .
(D.11)(D.12) . , ,
. | µ, ν〉 qˆ qˆ′ σ2q
σ2q = 〈µ, ν | (qˆ − qˆ′)2 | µ, ν〉 =
∫
dq | φµ,ν(q) |2 [q − (2pi~/γ) 12µ]2 (D.36)
, φ˜µ,ν(p) φµ,ν(q) Fourier
σ2p = 〈µ, ν | (pˆ− pˆ′)2 | µ, ν〉 =
∫
dp | φ˜µ,ν(p) |2 [p− (2pi~γ) 12 ν]2 (D.37)
, (2pi~/γ) 12µ (2pi~γ) 12 ν ,
, , q, p . von Neumann
σq < C
√
~
2γ
(D.38)
σp < C
√
~γ
2
(D.39)
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D.3: p, q . von
Neumann C . C (D.16)
.
C ≈ 60 , 60 [40].
σqσp > ~ , ,
. ( D.3 )
, (D.9) , , (D.16)
. von Neumann , 1 (D.17)
(D.18) , , . ,
,
, (D.32) .
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